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Abstract
Recent years have witnessed an increased demand for more powerful computers and 
continuous miniaturization of electronics. As the drive toward miniaturisation of electronic 
devices continues, the utilization of the one-dimensional electronic properties would 
facilitate very fast and functional devices. A system that provides a unique template for 
studying the one-dimensional electionic behaviour is present in carbon nanotubes, which 
have been proposed as nanoscale building blocks because of their exceptional physical 
properties, making them an ideal candidate for future solid-state nanoelecti'onic devices. 
For the nanotubes to be part of a lai'ger assembly, their properties, together with their 
response to different environments need to be examined.
An ideal tool for probing tiny structures such as carbon nanotubes is the scanning 
tunnelling microscope, which has tlie ability to obtain a direct real space image with 
extremely high spatial resolution, allowing also investigations of the electron distribution in 
a material.
Measurements performed with the scanning tunnelling microscope of the electronic states 
of carbon nanotubes are reported and several key electronic phenomena are demonstrated in 
this study. The explicit relationship between the atomically resolved structure and the 
corresponding electronic behaviour of carbon nanotubes, as predicted by theory for carbon 
nanotubes, is revealed by our measurements, which are further validated by calculations. 
Evidence indicative of interlayer interaction between the two constituent shells of double 
walled cai'bon nanotubes is found and the chirality of the inner tube determined, based on a 
detailed analysis of the tunnelling spectia. Our experiments indicate that the overall 
electronic structure is dependent on the interlayer interaction and not only on the chirality 
pairs as was previously suggested.
Radial deformations of carbon nanotubes have been studied and found to drastically affect 
the electronic properties of carbon nanotubes, hi particular, the effect on the electronic 
properties of a twist-induced deformation was observed to be reversed by the radial 
collapse of the tube.
Due to their dimensions and geometry, carbon nanotubes also provide a unique oppoitunity 
of engineering novel one-dimensional stiuctures within their cores. Once successfully 
inti'oduced into the nanotubes, the effect that the encapsulated filling material (AgNOs, Agi 
and HgTe) exerts on the encasing nanotube was investigated by scanning tunnelling 
microscopy. The results are discussed in connection with some of the encountered 
difficulties that sometimes precluded reliable measurements.
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Glossary of Terms
AFM: Atomic Force Microscopy
DW NT: Double-Walled Carbon Nanotubes
CCM: Constant Current Mode
CHM; Constant Height Mode
CITS: Current Image Tunnelling Spectioscopy
Cs: Spherical Aberration
CNT: Carbon Nanotube
DOS: Density of States
DNA: Deoxyribonucleic Acid
DPN: Dip-Pen Nanolithogi'aphy
DFT: Density Functional Theory
DW NT: Double-Walled Carbon Nanotube
EDX: Energy Dispersive X-ray
FFT: Fast Fourier Transfonn
HOPG: Highly Oriented Pyrolytic Graphite
HRTEM : High Resolution Transmission Electron Microscopy
LDOS: Local Density of States
EDA: Local Density Approximation
M FM : Magnetic Force Microscopy
M W NT: Multi-Walled Cai'bon Nanotube
PE(CVD): Plasma Enhanced Chemical Vapour Deposition
RMS: Root Mean Square
SEM: Scanning Electron Microscopy
SCM: Scanning Capacitance Microscopy
SNOM: Scanning Near-Field Optical Microscopy
SPM: Scanning Probe Microscopy
STM: Scanning Tunnelling Microscopy
STS: Scanning Tunnelling Specti'oscopy
SWNT: Single-Walled Cai'bon Nanotube
TEM : Transmission Electron Microscope
UHV: Ultra High Vacuum
UPS: Ultraviolet Photoelection Spectroscopy
vHs: van Hove Singularities
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1 Introduction
1.1 Scanning Probe Microscopy
In 1981, a revolutionaiy method of microscopy was introduced by Binnig and collaborators 
at IB M ’s Zurich Laboratoiy, opening a new era for surface and materials physics, the 
Scanning Tunnelling Microscopy (STM) [1]. This development was the first in a series of 
new microscopes to achieve three-dimensional images of surfaces with atomic resolution. 
The enormous importance of the Scanning Tunnelling Microscope, which was recognised 
by awarding the inventors the Nobel Prize for Physics a few years later, does not limit itself 
merely to its atomic resolution capabilities. The STM also stimulated the development of an 
entire family of microscopes, generally known as scanning probe microscopes (SPM), able 
to measure a variety of properties down to the nanometre scale.
A ll Scanning Probe Microscopes are valuable tools for materials and surface sciences and 
they helped to elucidate many problems, and opened new research directions. Each type of 
SPM is characterised by the probe interaction with the sample surface, most having the 
ability to precisely map the topography of a surface with high resolution. Also possible are 
local experiments at any position on the sample surface, obtaining different information 
depending on the operation paiameters of the instrument. Generally, a variety of physical 
and chemical properties can be probed by employing only one set-up.
Despite the huge number of SPM techniques (over 40) and modes in which they can 
operate, the underlying principle is the same for all: a sharp, tiny tip (also known as a probe) 
is brought into close proximity to the sample being investigated and the interaction between 
the probe and the surface is monitored. Based on the construction details of the SPM, tlie 
sample or the probe is scanned in a raster fashion and the variation in the interaction is used 
to construct a topographic map or measure physical and chemical properties of the surface. 
For example, in Atomic Force Microscopes (AFM) [2], the van der Waals forces occurring
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between the tip and the sample separated by a few nanometre, aie used to map the 
topography of the surface, as well as giving information on tribological properties, and on 
the elastic or inelastic response of a sample.
If, additionally, an electrical potential difference is applied to the tip-sample system, 
electrostatic interactions occurring between the tip and the sample can be used to measure 
caiT'ier concentiation profiles in semiconductor materials or for surface potential 
measurements. This is the basis of the Scanning Capacitance Microscope (SCM) [3]. I f  the 
probe and sample are ferromagnetic, magnetostatic forces can be used to detect magnetic 
domains on the sample surface, which constitutes the basis for Magnetic Force Microscopy 
(MFM) [4]. For a probe-sample separation of less than about one nanometre, the 
application of a small potential difference leads to a local tunnelling current between probe 
and sample, provided they are conductive (to some extent). The resulting tunnelling current 
is used by the STM for topogiaphic and electronic measurements of a surface. If  the probe 
is capable of emitting or collecting light at a sub-wavelength scale, the sample surface can 
be imaged below the diffraction limit, which is utilized in Scanning Near-Field Optical 
Microscopy (SNOM) [5].
In addition to the applied external parameters, probe-sample interactions can also be 
influenced by environmental conditions (liquids, gases, vacuum), where in-situ 
chai'acterisation has been performed with bespoke SPM systems adopted for the particular 
situation.
SPM has been used for topographic and dynamic studies of a wide range of materials: thin- 
film semiconductors, polymers, paper, ceramics, magnetic and biological materials. As 
these probe techniques have developed, some of them have moved into manufacturing lines 
for process conhol, and some are widely used in industrial applications. For example, the 
M FM  has become a standaid tool to chaiacterise the magnetic properties of heads and 
platters in hai*d disks. The AFM is routinely used to map the surfaces of semiconductor 
chips for dimension control.
Special applications of scanning probe techniques include atomic manipulation and surface 
modification at atomic scale, making it possible to analyze quantum phenomena and on 
sub-10 nm scale. Generating nanoscale patterns with resolution sometimes superior to e- 
beam lithogiaphy, makes the SPM one of the best lithographic techniques for forming 
nanostructures. Also, SPM techniques are amongst the most promising candidates for
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nanodevice fabrication, with a variety of potential applications, such as electronic devices, 
atomic memoiy structures and biosensors.
1.2 Scanning Tunnelling Microscopy
As mentioned previously, the STM has proved to be an extremely powerful tool for many 
disciplines in condensed-matter, physics, chemistry and biology. This instrument used a 
completely different and new method of imaging, capable of imaging at atomic resolution, 
without the need for lenses, special light or election sources, as in conventional 
microscopes. Initially, its use was restricted to conductive materials and it successfully 
probed metals and semiconductor surfaces. Recently, its applications to organic systems 
(which are classified as bulk insulators) have attracted considerable attention. Liquid 
ciystals, polypeptides, polymers, biological materials, have been investigated by STM. This 
is based on the fact that even if  these materials ai e not intrinsically conductors, it is possible 
to achieve a tiny tunnelling current when they are prepared in the form of thin films on the 
top of conductive substrates.
The operating principle of the STM is based on the quantum mechanical effect of 
tunnelling, and was initially used to determine the surface structure of materials, but it can 
also resolve the local electronic structure at atomic scale. Details of surface electronic 
structures with unprecedented spatial resolution are routinely observed. This is probably 
one of the most important applications of tlie STM - Scanning Tunnelling Spectroscopy 
(STS).
Historically, imaging of individual atoms had been achieved many years before the 
invention of STM by field-ion microscopy and field emission microscopy [6]. But probably 
the closest instmment to the STM in basic principle and operation is the topographiner used 
by Young in as early as 1972 [6]. This instrument used the field emission current induced 
between the sample and tip to obtain the topography of the sample surface, and was the first 
attempt to demonstiate metal-vacuum-metal tunnelling with a controllable gap.
With STM, tunnelling with a controllable gap is achieved in a configuration that allows 
simultaneously spatially resolved tunnelling spectroscopy, hi an STS experiment, the goal 
is to obtain the density of states of the sample.
However simple the principle of STM, the interpretation of images obtained is not always 
sti'aightforwai'd. A large number of sophisticated theoretical methods aimed at
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understanding the imaging mechanism, the spectroscopic information, and the tip-sample 
interaction effects have been developed. The active role of the STM tip through the tip- 
sample interactions enables a real-space manipulation and contiol of individual atoms, 
opening a new era of experiment and work on an atomic scale. A more detailed description 
of STM and STS will be given in Chapter 2 and 3, both from an experimental and 
theoretical perspective.
1.3 Atomic Force Microscopy
The use of STM in the early 1980s focused on obtaining atomic-scale imaging of 
ciystalline materials, such as silicon, gold and graphite and many theoretical studies were 
conducted. The choice of materials investigated was limited by the requirement for them to 
be conductive, so that a tunnelling current could be measured. However, the need for 
imaging insulating materials, such as polymers and biological specimens, was soon realised 
and in 1986, Gerd Binnig invented the (AFM) [2], This instrument was veiy similar to the 
STM, except that the tip was in contact with the surface and van der Waals forces acting 
between them provided the imaging mechanism, rather than tunnelling current.
The principle of AFM relies on the use of a sharp, pyramidal tip mounted on a cantilever 
which is brought in close proximity to the surface where intennolecular forces acting 
between the tip and tlie surface cause the cantilever to bend. Images of the surface are 
obtained by recording the cantilever deflections, as detected by a laser beam focused on the 
top of the cantilever, as the sample is scanned. This instrument has opened the way for the 
study of many other materials, which could not be studied by STM.
High resolution can be obtained without the need for elaborate sample prepaiation 
procedures or the requirement of expensive high vacuum equipment as is the case for 
conventional electron microscopy.
AFM can also be used to obtain images in aqueous solutions, allowing the investigation of 
biological materials in their native environment at low pressures, and where the use of an 
electron beam can easily damage soft materials, such as biomolecules. Deoxyribonucleic 
Acid (DNA) was the first biomolecule to be investigated and structural information of its 
helical structure has been determined fr om AFM (STM studies of DNA in air have also 
been performed). An increasing number of AFM studies on proteins are now taking place 
investigating protein folding/unfolding and protein-ligand interactions.
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1.4 Carbon Nanotubes
The first identification in 1991 of carbon nanotubes (CNTs) [7] and their relation to 
flillerenes attracted considerable attention from both scientific and technological 
communities. Cai’bon nanotube research is probably the most active research field in carbon 
science, stimulating a large number of theoretical and experimental studies on the structure 
and properties of these materials. This interest is not surprising in light of their exceptional 
properties. Because of their well-defined sti ucture, carbon nanotubes sei've as a convenient 
test bed for defining many of the concepts of nanoscale physics and materials science.
These systems consist of single or multiple graphitic layers rolled into a cylinder, having 
diameters in the nanometie range and lengths up to several microns. They display a variety 
of stmctures with different diameters and many possible helical geometries, known as 
chirality. Their unique quasi-one-dimensional nature, their cylindrical symmeti’y and the 
special properties of carbon bonds provide them with extraordinaiy sti'uctural, mechanical, 
and electrical properties.
Carbon nanotubes are the stiffest known material and possess many of the mechanical 
properties of carbon fibres, in addition having other desirable properties like the ability to |
withstand twisting distortions and buckle elastically. These chaiacteristics suggest that they j
could be used as force transducers to the molecular world or for strong composites. |
But, one of the most significant properties of carbon nanotubes is their electronic structure.
They exhibit metallic or semiconducting behaviour depending only on their structure, 
which is unique to solid state physics. Nanotubes are exceptional ballistic conductors, 
offering a great potential for nanoelectionic devices that can operate at room temperature.
Carbon nanotubes are also exceptionally interesting from a fundamental research point of 
view. Many concepts of one-dimensional physics have been verified experimentally, such 
as electron and phonon confinement [8, 9] or the one-dimensional singularities in the 
density of states [35, 36], while others are still under debate, such as the Luttinger-liquid 
behaviour [10].
Various technological applications aie likely to arise, using nanotubes for fabrication of flat 
panel displays, gas storage devices, gas sensors, composites, conducting paints, electronic 
nanodevices, etc. Further experimental and theoretical research is still necessai’y so that 
novel technologies will become a reality.
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1.5 Aim and layout of thesis
The aim of this project is to contribute to the understanding of the basic electronic sti ucture 
of CNTs using the STM. CNTs and CNTs-based systems were structurally analysed via 
STM and the electronic structure probed by STS and compared to the theoretically 
modelled tunnelling spectra. The outline of the thesis is as follows.
The next Chapter gives a theoretical background on CNTs, discussing in detail their 
geometric and electronic properties. Also discussed in some depth is the theory behind the 
analytical technique used, reviewing in the end earlier STM experiments on CNTs, cairied 
out by various research groups.
The third Chapter gives an oveiview of the instrumentation used, detailing the experimental 
setup and processes for all practical work mentioned throughout the course of the thesis, 
such as the sample and tip preparation for STM. Aspects related to the preparation of Au 
supporting substrates for CNTs are presented together with STM and STS experiments 
cairied out on graphite. These experiments give a good overview of some of the 
characteristics associated with graphitic systems, such as the site asymmetry on graphite, 
which is also observed on CNTs.
The fourth Chapter describes the STM and STS experiments carried out on Single-Walled 
Carbon Nanotubes (SWNTs). Issues related to the chirality and diameter determination 
from the STM image due to the cylindrical shape of nanotubes and tip convolution are also 
discussed.
The fifth Chapter describes the STM/STS work on Double-Walled Carbon Nanotubes 
(DWNTs). Based on the tunnelling spectra of the atomically resolved DWNTs structure, 
evidence for an interlayer interaction is obtained and the chirality of the inner tube is 
determined.
The sixth Chapter deals with structural deformations of CNTs which are found to alter their 
electronic behaviour when twisted or collapsed.
The seventh Chapter describes the structural and electronic analysis of metallic or 
semiconducting compounds encapsulated within the cores of CNTs. The methodology used 
for filling of CNTs with AgNOg, Agi and HgTe is presented and the STM experiments 
discussed.
The eighth Chapter presents the thesis conclusions and aspects of the future work.
Theory and Literature Review
2 Theory and Literature Review
2.1 Carbon Nanotubes
2.1.1 Structure
The structure and the electronic properties of CNTs have been studied by many authors. 
Following the work of Saito et al. [11], a SWNT can be described as a giaphene sheet, as 
shown in Fig. 2.1, rolled into a seamless cylinder, along vector Ch.
vY..*-’** zigzag 
.*7  (n, 0)
chiral 
(n, m)
armchaii 
(n, n)
tube axis
Fig. 2.1 The unrolled honeycomb lattice of a nanotube (partly reproduced from [51]). The 
rectangle defined by the chiral vector C/, and the translational vector T  OAB'B represents 
the primitive imit cell from which the nanotube can be constructed.
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Ch is the chiral vector, defined by OA, and can be expressed as Ch = n&\ + m?i2 = {n, m), 
with n, m integers and ai, a% the unit vectors of the lattice. OA corresponds to a section of 
the nanotube perpendiculai’ to the nanotube axis OB. 0, the chiral angle, is defined as the 
angle between Ch and a%, and represents the tilt angle of the hexagons relative to the 
nanotube axis.
The pair of indices in, m) identifies the nanotube and each (n, m) pair corresponds to a 
specific set of chiral angle 6 and diameter d, which can be expressed as:
ta n ^  = -\/3w î/(277 +  7?ï )  (2 .1)
d -  L/TV = {al7r)yln^-\-m^+nm  (2.2)
where L is the circumferential length of the nanotube and a = 2.49 A, the lattice constant.
The orientation of the hexagons in the graphene sheet, with respect to the axis of the 
nanotube, gives the following classification for nanotubes:
armchair for n = m, i.e. C,, = in, «), 0 = 30°
zig-zag for m = 0, i.e. Cj, = {n, 0), 0 = 0°
chiral for all other («, m), i.e. Ch = («, m), 0° < |0| <30°
2.1.2 Electronic Properties
The electronic properties are critically dependent on the chirality and diameter. For 
example, a (12, 4) nanotube is semiconducting, but a (12, 3) nanotube, for which the chiral 
vector is slightly different, is metallic.
The electronic stiucture of a SWNT can be obtained from that of graphite. The unit cell (the 
dotted rombus) (a) and the Brillouin zone of 2D graphite (the shaded hexagon) (b) are 
shown in Fig. 2.2.
In the hexagonal carbon lattice, A and B (Fig. 2.2a) are the two sites on which all the other 
lattice sites can be mapped by lattice displacements, using the unit vectors ai and ai. The 
unit cell in real space contains the two carbon atoms at A and B.
Each carbon atom in a graphene sheet forms o bonds with its three neighbours, and the 
fourth election, which is in the 2pz orbital perpendicular to the graphene sheet, makes the n 
covalent bonds.
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(a) V
/ \ ? \ -------
Fig. 2.2 The unit cell (a) and the first Brillouin zone of 2D graphite (b). Uj, are the unit 
vectors in real space, and b j, b2 are the reciprocal lattice vectors. F, K  and Mare the three 
high symmetry points defined as the center, corner and the center of the edge of the 
hexagon, respectively [11].
The electronic properties of both graphene (and carbon nanotubes) can be described by 
taking into account the energy dispersion of the tz electrons only, as the n bands are 
covalent, closer to the Fermi level and the most important in determining the properties of 
graphite.
For graphene, in a tight binding approximation, the energy dispersion for the 7t-electrons 
forming a bonding and antibonding band is given by Eq. 2.3 [11] and it is obtained along 
the perimeter of the dotted triangle connecting the high symmetiy points F, K and M 
(Fig. 2.2b):
cos k^a
y V
\  f
+ 4cos^
\
k^a 1/ 2 (2.3)
where J q is the energy overlap integral between nearest neighbors, ,k y  the wavevector in 
the jc and y direction, respectively, and a the lattice constant.
The energy dispersion relations describe the ;r-energy bonding and 7t*-energy antibonding 
bands, which are degenerate at the points through which the Fermi energy passes. Graphene 
is considered a zero-gap semiconductor, because the energy gap vanishes at the six points 
that coincide with the corners of the hexagonal Brillouin zone. The Fermi energy is thus
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reduced to six points. Energy contours for the bonding band drawn in the first Brillouin 
zone are shown in Fig. 2.3. The Fermi level is reduced to the six points at the comers, 
indicated by the black dots and the energy dispersion at these points is radially symmetric 
in the k^ , ky plane indicated in Fig 2.3.
Fig. 2.3 The hexagonal Brillouin zone of graphene with energy contours schematically 
drawn for the bonding band (reproduced from [12]). The antibonding band is similar.
The 1D energy dispersion relations for a SWNT can be obtained from the energy dispersion 
relations of 2D-graphite (Eq. 2.3). In carbon nanotubes, the number of available energy 
modes in the circumferential direction is quantized: k ' C = 2jEq, (q = 0, 1...) and the 
electrons are free to move in an unconfined manner only in the length direction. Due to this 
quantization, a discrete number of parallel lines (the allowed modes of k) appear in the 
reciprocal space of graphene. This is shown for armchair, zigzag and chiral tubes in Fig. 2.4.
Ak 
■*— «
2jua
:.T/’V3a
Fig 2.4: Reciprocal space for an armchair (a), zigzag (b) and chiral (c and d) nanotube 
[ 12].
The parallel lines represent the allowed values for the wavevector k and each line 
corresponds to a one-dimensional channel for conduction along the nanotube. The interline
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spacing Ak depends only on the diameter d: Ak = 2tc/|C| = 2/d. For a chiral nanotube, the 
circle in Fig. 2.4 (c) corresponds to a region near the Fermi level, shown enlarged in 
Fig. 2.4(d), where Ki and K2 correspond to the two nearest allowed k lines from K, where 
the Fermi level is.
For armchair nanotubes, the length of the first Brillouin zone is Itt/a and the quantization 
condition is given by: n ^ k ^ a  = Itrq , with (q = 0, 1,...), with the allowed k-lines in the ky 
direction.
For a zigzag nanotube, the length of the first Brillouin zone is 2it /  Vs a, and the 
quantization condition is given by: nkva= 2ttq, with the allowed k-lines in the kx direction.
Inserting the above quantization conditions in Eq. (2.3) yields the dispersion relations for 
armchair and zigzag nanotubes as follows [11]:
'armchair \  y(*v ) = ±?'t 1 + 4 COS f —  cos + 4cos^ '  k^a''J 2 J 2  J
1 / 2
(2.4)
1 + 4 cos cosf -I- 4cos^
X 2 , V « J y n ;
1 / 2
(2.5)
The dispersion diagrams obtained from Eqs. (2.4) and (2.5) are shown for a (5, 5) and a 
(10,0) armchair nanotube respectively in Fig. 2.5:
(5.5) (10.0)
Fig. 2.5 The dispersion relations drawn for the first one-dimensional Brillouin zones for an 
armchair and zigzag nanotube. The boundaries are the dashed lines in Fig. 2.4. Also shown 
are the density of states (DOS) that can be derived from the energy dispersion diagrams for 
each tube. [11]
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As is illustrated in Fig. 2.4a, for armchair nanotubes, the allowed k-lines cross the corner 
points of the Brillouin zone and therefore have no energy gaps. This is also shown in the 
dispersion diagram for the (5, 5) armchair nanotube (Fig. 2.5 left), where the linear bands 
cross the Fermi level at kp = 27c/3a.
Because of the degeneracy point between the valence and conduction bands at the band 
crossing, the (5, 5) nanotube is a zero-gap semiconductor, which w ill exhibit metallic 
conduction at finite temperature. As predicted by theoiy, all {n, n) armchair nanotubes have 
a band degeneracy between the highest valence band and the lowest conduction band at 
k=27c/3a, where the bands cross the Fermi level. Thus, all armchair tubes are expected to 
exliibit metallic conduction, similar to the 2D graphene sheets.
For zigzag and chiral nanotubes, the allowed k-lines do not necessarily cross the Fermi 
points, making the nanotubes metallic when these lines cross the Fermi point and 
semiconducting otherwise.
The (10, 0) zigzag nanotube shows an energy gap (Fig. 2.5). In this case there is a 
dispersionless energy band at E/yo = ±1, which gives a singulai' density of states at that 
energy. For a general (n, 0) zigzag nanotube, when n is a multiple of 3, the energy gap at 
k = 0 becomes 0 and when n is not a multiple of 3, an energy gap opens at k = 0. For the 
general case of a chiral nanotube, the location of the energy gap is also given by the k 
values.
The linear crossing bands at or near the Fermi level yield a constant DOS for the armchair 
nanotube. At energies away fi*om the Fenni energy, the one-dimensional nature of the 
subbands w ill lead to van Hove singularities at the onset, in the DOS. The van Hove 
singulai'ities have been observed experimentally by STM. In Fig. 2.5, the energy separation 
between the first singular ities above and below the Fermi level is denoted Ejub-
The DOS for a semiconducting nanotube also consists of a series of sharp van Hove 
singularities. In this case however, there is an energy gap Egap (as, for example, the DOS 
spectra for the (10, 0) nanotube in Fig. 2.5).
For chiral nanotubes, it has been ar gued that, due to the large number of subbands, many 
singularities in the DOS may be expected [13]. However, it has been found that near the 
Fermi level, a universal DOS exists that scales with the diameter and depends, to first order, 
only on the metallic or semiconducting char acter of a nanotube [14, 15, 16]. The DOS for a 
chiral nanotube with the same diameter is therefore similar to that of a zigzag or an
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armchair nanotube. This is illustrated in Fig. 2.4 (c, d): near the Fermi point K, the energy 
dispersion is radially symmetric in the kx,ky -plane. The closest point from K to an allowed 
k-line (K i) yields tlierefore the first van Hove singularity, the second point of closest 
approach (K 2) yields the next singularity, etc.
Due to the curvature of the nanotubes, the % orbitals are not parallel but have an angle to 
each other. It has been shown [17, 18] that this shifts the Fermi points in reciprocal space 
away fr om K and K ', which induces a small energy gap for chiral metallic nanotubes. For 
nanotubes of about 1.4 nm in diameter, this gap is estimated to be of the order of 10 meV 
[18].
2.2 Theory of Scanning Tunnelling Microscopy
2.2.1 Overview
As the theoretical foundation of STM is quantum mechanical tunnelling, this section will 
discuss the concept of tunnelling through an elementary one-dimensional model and then 
introduce the Bardeen approximation, which provides a conceptual understanding for the 
tunnelling current.
2.2.2 The tunnelling current
The tunnelling effect originates fr om the wavelike properties of particles in Quantum 
Mechanics. In classical mechanics, an electron moving in a potential U(z) is described by:
^  + U (z ) =  E  (2.6)2m
where: m, E, are the electron mass, energy and momentum, respectively.
In regions where E < U{z), the probability that the electron w ill penetrate the potential 
barrier, according to classical mechanical notions, is zero. Quantum mechanics allows the 
electron to penetrate (“tuimel through”) the forbidden region having a potential energy 
gi eater than particle's kinetic energy .
The difference between classical and quantum theory, is illustrated in Fig. 2.6.
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Fig. 2.6 The difference between classical and quantum theory, illusti'ating tunnelling 
through a potential barrier.
Here, the state of the same electron is described by the wave function W{z), which satisfies 
Schrodinger’s equation:
d (2.7)
2m dz^
In the classically forbidden region, the solution of the equation (2.7) has the form:
= (2.8)
j2 m (U  — E )where, k = —----------------- is the decay constant, which describes an electron wavefunctionh
decaying in the z direction. The probability density of observing the electron near a point z 
is proportional to |'î^(0)|^ .
In the case of STM, see Fig. 2.7, by applying a voltage V, to the tip-sample system, any 
electron belonging to the sample having the energy between (Ep - eV) and Ep can tunnel 
into the tip. The probability of an electi on traversing the hairier is:
P cc |'i'„(0 )| e2  _ -2 k s
where, k - V 2m 0
(2.9)
(2.10)
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is the decay constant of a sample state near the Fermi level in the barrier region, O is the 
sample work function and ^n(O) is the value of the wavefunction at the sample surface.
Vacuum level
z  =
Fig. 2.7 A one-dimensional metal-vacuum-metal tunnelling junction
The tunnelling current (Jj) is proportional to the number of states participating in tunnelling 
(large for metals, zero for insulators and very small for semiconductors) and is given by 
Eq. 2.11 [19]:
2  - I k s (2.11)
E .= E ,r-eV
For small enough voltages, so that the density of electronic states does not vary 
significantly, the sum in Eq. (2.11) can be written as the local density of states (LDOS) at 
the Fermi level. The LDOS at a location z and energy E is defined as:
p{ z , E)  = -^
 E .= E -e
(2 . 12)
and represents the number of electrons per unit volume per unit energy at a given location 
and energy.
From Eqs (2.11) and (2.12) and also considering that4^(5') = 4^(0)^"*', we obtain:
(2.13)
E .-e V
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which means that the tunnelling current can be expressed in terms of the LDOS of the 
sample. This discussion is applicable only for the one-dimensional case. In this case, the 
tunnelling cmrent can be conveniently written as:
/ ,  (2.14)
showing that I f  is veiy sensitive to the tip-sample distance.
The dependence of the tunnelling current on the exponential of the distance is a measure of 
the work function of the material studied. This can be estimated from Eqs (2.14) and (2.10), 
as:
8m
d \n l
V  ds .
0.95 (2.15)ds
and can be experimentally determined by STM, measuring the quantity (t/lnl/c/s).
2.2.3. The Bardeen approximation
The theoretical approach developed by Bardeen as early as 1960, based on a time- 
dependent perturbation method is another way of describing electron tunnelling. Most of 
the STM theoretical studies are based on this fonnalism [19].
In first-order peiturbation theoiy, the probability of an electron in the state (of the 
probe), with the energy to tunnel into the state (of the sample) with the energy is 
given by Fermi’s golden rule:
n v \  d { E ^ -  E ^ )  (2.16)
where M is the tunnelling matrix element between the two states and
0{E^ -  E^) means that an election can tunnel only if there is an unoccupied state with the 
same energy in the other elech ode.
It is shown that the matrix element is given by an integral over a surface lying entirely in 
the barrier region between the tip and the sample:
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2m I \  ÔZ J dz dS (2.17)
The tunnelling current is calculated by integi'ating over all the states of the tip and the 
sample and, in the limit of small voltages and temperature, it is given by:
e V
7 = ^  \ p s ( E , - e V  +  E ) p ^ ( ^ E , + 4 M \ y E (2.18)
where (Ep ), {Ep ) are the LDOS of the sample and tip, respectively.
This relation shows that the tunnelling current is a combination of the local densities of 
states of sample and tip, weighted by the tunnelling matrix element M. The fonns of the 
wave functions associated with the tip and the sample play an important role. The matrix 
element has the dimension of energy and represents the energy lowering due to the overlap 
of the two states. In order to calculate the tunnelling current, it is necessary to know 
explicitly the wave functions associated with the surface and tip. So, a full interpretation of 
the information obtained by STM requires a plausible model for tlie electronic structure of 
the tip and surface. Unfortunately, the atomic structure of the tip is generally unknown. 
Tersoff and Hamann [20] proposed a model for the tip structure, known as the s-wave-tip 
model. This model considers an ideal spherical tip and assumes that its structure is locally a 
spherical potential well. In this case, the tip wave functions are arbitrarily localized and the 
matrix element is simply proportional to the amplitude of the sample wave function at the 
position I'o of the tip, so only the sample w ill contribute to the tunnelling current and thus to 
the STM image. However, this model does not explain the atomic resolution observed with 
the STM.
Models considering the contribution of the tip wave functions components of higher 
angular momentum (pz, dz) have also been proposed, but the conti'ibution of the tip 
electronic sti'ucture to tunnelling still remains an open question. Based on existing theories 
for calculating the surface electronic structure (such as Haiti'ee-Fock approximation, 
density functional theory, tight binding methods and their extensions) many of these 
models also consider the tip-sample interaction.
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2.3 Scanning Tunelling Microscopy on Carbon Nanotubes
STM has proved a powerful tool for investigating CNT, providing a way of testing 
simultaneously the atomic and electronic structure of carbon nanotubes.
The first atomically resolved STM images were reported on Multi-Walled Caibon 
Nanotubes (MWNTs) by Ge et al in 1993 [21]. Shortly after, other groups managed to 
achieve atomic resolution on nanotubes [22, 23, 24] and subsequently determine the chiral 
angle of the outermost layer of a multi-walled nanotube [25]. A ll these experiments were 
carried out on MWNTs grown by arc-discharge method and, although atomic resolution 
was achieved, a clear correspondence between the geometiical (diameter and chiral angle) 
and electi’onic structure, as predicted by theory could not be established. STS only 
evidenced that a fraction of these nanotubes were metallic and other fraction 
semiconducting. A question that remains unsolved is the interlayer interaction in MWNTs. 
It is not yet clear whether only the outermost layer participates to tunnelling or the layers 
beneath play a role as well. Some calculations show that the STM image of a bi-layer 
nanotube is similar to the one of the external tube [26]. On the other side, some STS 
experiments suggest that there is an interference between tlie last layers [21, 27]. The first 
STM studies on SWNTs date back to 1994 [28] and atomically resolved images of single­
walled nanotubes synthesized by the arc discharge method were reported [29]. Other 
studies reporting atomic resolution on SWNT, done on individual and ropes of nanotubes 
can be found in [29, 30, 31, 32].
For SWNTs, the scanning tunnelling spectroscopy has been used to distinguish between 
metallic and semiconducting nanotubes [29]. More importantly, the electronic structure 
dependence on the diameter and helicity of carbon nanotubes was first established by STS 
measurements by Wildoer et al. in 1998 [35]. Independently, Odom et al. [36], have 
reported similar results.
Their measurements [35, 36] were performed in UHV, on individual SWNTs, as well as on 
ropes of nanotubes, deposited on Au (111) substrates. Atomically resolved images of 
nanotubes, together with STS spectra, as obtained in this experiment aie shown in Fig. 2.6.
Based on the experimentally measured diameter and chiral angle, the («, m) indices were 
obtained, corresponding to a (11, 2) and (14, -3) tube, respectively. The (11, 2) tube is 
expected to be metallic, and as also shown by the nomialized conductance, exhibits a finite 
and constant LDOS. The (14, -3) tube shows shaip increases in the LDOS, characteristic of
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the conduction and valence bands, confirming the expectations that these indices 
correspond to a semiconducting nanotubes. It is also shown that the semiconducting energy 
gaps of SWNTs are independent on helicity and vary inversely with the tube diameter. 
These measurements confirm the relationship between atomic structure and electronic 
properties of SWNTs, as earlier predicted by theoretical studies [14, 15, 16].
u.i 2« &
•4».!
.0.6 -0.4 -OJ 0 0.2 0.4 0.6
Bl»** Voltage (V )
Fig. 2.6 STM imaging and spectroscopy of carbon nanotubes, (a), (b) Constant current 
images of SWNTs recorded with bias voltages of 50 and 300 mV, respectively, (c), (d) 
Calculated normalized conductance (V / I  ) dl/dV and measured I- V (inset) recorded at the 
sites indicated by the symbols in (a), (b) (reproducedfrom [36]).
The approximate relation proposed by theory for the band gap of semiconducting nanotubes
IS
Cl: Eg = , where Eg represents the energy gap, yo the nearest neighbour overlap
integral, Occthe distance between two neighbouring C atoms and d, the diameter of the 
nanotube.
This relation and scanning tunnelling spectroscopy provided a more accurate way of 
determining the diameter of the nanotubes [37, 38, 39].
In metallic nanotubes, as a result of the finite curvature of SWNTs, a small gap at the Fermi 
level, attributed to a-n hybridization, is predicted by theory [17, 39]. This effect was first 
observed experimentally by STM/STS [41, 42] on zig-zag tubes. These tubes displayed 
band gap-like features near the Fermi energy (Ep), and also the 1/d dependence of the gap,
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as predicted by theory. Theoretical investigations of interactions between the nanotubes and 
substrate (which is supposed to introduce modification of the nanotube bands) was done by 
Rubio [43]. It is shown that the diameter of the tube, as usually calculated fi-om cross- 
sectional profile height of STM images is underestimated by ~ (0.2 -  0.5) nm.
Indeed, extracting the diameter of the nanotube, fi-om the cross-sectional profile is not vei-y 
accurate, as its height depends on the adsorption distance of the nanotube above the
substrate, not taking into account when calculated as D  = -JSRh , where R is the tip radius 
and h the profile height. However, a more accurate method of determining the diameter, as 
discussed previously, is by STS. Deformations of tlie nanotubes induced by the 
compression exerted by the tip, as well as convolution effects between the tip and the tube 
have been studied by STM [44, 45, 46].
Not only the diameter but also the chirality of the nanotube is difficult to determine from 
the recorded STM images. This is due to the cylindrical shape of the nanotube, which 
makes the recorded image to be a projection onto the scanning plane, as a result of the 
tunnelling current flowing from the tip to the tube via the shortest path (perpendicular to the 
surface) [47]. This effect can be corrected if  the tube-tip distance and tip radius are 
accurately known [39].
A more accurate route for obtaining the chirality is STS [37], because the positions of the 
peaks in the STS spectra correspond well to the van Hove singularities (VHS) predicted by 
theoi-y, which are related to the n, m indices of the tubes [48]. It was observed that by 
extending the energy range on which the spectroscopic measurements are made, the DOS 
specfra will exhibit peaks, which is a consequence of the ID  nature of the SWNTs band 
structure. These peaks are the van Hove singularities observed in STS spectra, on both 
metallic and semiconducting nanotubes.
Fig. 2.7 illustrates the results of such an STS experiment [48]. The comparison of the DOS 
of a semiconducting (13, 7) SWNT and the calculated DOS using the tight-binding 
approximation is shown. Van Hove singularities are present and agree well with their 
calculated positions.
The peak splitting observed in the dl/dV spectra is attributed to the anisotropy around K  
point of the Brillouin zone. In the case of semiconducting nanotubes, it is believed that the 
tt/o orbitals hybridization has a more pronounced impact on the conduction band than on 
the valence band, giving rise to the observed disagreement above Ep.
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Fig. 2.7 (a) STM image recorded on the isolated upper tube, the inset shows an atomic 
resolution image of this tube, (b) Comparison of the experimental DOS (upper curve) and 
calculations for the (13, 7) SWNT (second curve from top). The broken vertical lines 
indicate the positions of VHS in the tunnelling spectra, (c) Image of a SWNT on the surface 
of a rope, (d) Comparison of the DOS obtained from experiment (upper curve) and 
calculation for the (10, 0) SWNT (lower curve) shown in (c) [48].
The effect of tip bias reversing on semiconducting nanotubes has also been evidenced by 
STM experiments [49, 50]. Clauss et al. [49] demonstrated that for semiconducting 
nanotubes, a good representation of the atomic structure is given both by positive and 
negative bias images, as illustrated in Fig. 2.8.
I
Fig. 2.8 Computer generated constant current STM image (1.8 ^ 1.0 nm^ ) of the same (13,6) 
semiconducting nanotube computed with a tip potential of -0.4 V (left) and +0.4 V(right) 
[49].
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This is due to the fact that at low positive or negative biases, the total electron density is 
given by a superpostion of quantum states above or below the Fermi energy, which does 
not represent the total electron density. Due to the electron-hole symmetry of the nanotube 
density of states, switching from bonding to anti-bonding character when crossing the 
Fermi level is expected. So, the pattern formed at positive biases, changes its orientation in 
the STM image, at negative biases. This was theoretically predicted by Meunier et al. [47].
Scanning tunnelling microscopy and spectroscopy have also been used to study structural 
defects that appear in nanotubes, and which are known to influence their electronic 
properties. Bending [52], twisting [30], and pentagon-heptagon pairs [53] have been 
observed in nanotubes structure. Theory shows that by interposing pentagon-heptagon pairs 
between two sections of a nanotube, metal-semiconductor, metal-metal, and 
semiconductor-semiconductor junctions are possible.
Topographic and spectroscopic measurements performed by Ouyang et al. [42] have 
resolved the structure and electronic properties of metal-semiconductor and metal-metal 
junctions. As shown in Fig. 2.9, STS measurements revealed that the lower part of the tube 
is metallic (22, -5), while the upper part is semiconducting (21, -2).
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Fig. 2.9 Structure and spectroscopy of a MS intramolecular junction, (a) Image of a SWNT 
containing a junction, indicated by the white arrow, (b) Differential conductance dl/dV 
showing the energy difference between the first VHS gap in the upper semiconducting 
segment and lower metallic segment are shown [42].
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The absence of localized states at the interface between the two suggest that this 
intramolecular junction can function as a Schotl<y diode.
STS has been used to probe resonant and localized states that can appear at the end of a 
nanotube, inducing changes in the LDOS at the end of the nanotube.They may be due to the 
presence of pentagons in a capped end of a nanotube. Spectroscopic data taken along a 
nanotube show that the Fermi level shifted toward the center of the energy gap, as the 
measurements were progressing to the end of the tube. Spectroscopic data taken at the end 
of a metallic nanotube showed two peaks, which are not present in data recorded anywhere 
else on the tube. These peaks were attributed to the pentagon defects at the end of the tube 
[54].
STS has been successfully used to image the spatial distribution of electrons by cutting the 
nanotubes into short pieces with the STM tip, using voltage pulses [55]. The wavefunctions 
of quantized energy levels characteristic of fmite-sized carbon nanotubes have been 
visualised. Venema et al. [55] investigated a 30 nm metallic nanotube shortened by STM 
pulses. Wlien compiling 100 consecutive dl/dV measurements into a spectroscopic map, 
they noticed that the peaks vaiied periodically with position on the nanotube. The period is 
~ 0.4 nm and was correlated with the half of the Fermi wavelength, as the dl/dV is 
proportional to the squared wavefunction amplitude. The calculated Fermi wavelength 
(-0 .74  nm) is in good agreement with the experimental value. This was the first 
experiment in which electron standing waves were observed on shortened nanotubes.
STM and STS studies also revealed that the tunnelling spectra recorded on shortened 
metallic tubes show different peak spacing for different nanotube lengths, while for 
semiconducting nanotubes, no difference was observed between shortened tubes and the 
tubes before cutting.
The atomic force microscope (AFM) has also been used to image individual or bundles of 
nanotubes [56, 57]. Most of the measurements are performed in tapping mode, as contact is 
known to exert higher forces and distort the nanotube [58]. As in the case of STM, the 
measured diameter of the tube cannot be accurately estimated. Effects as tip/sample 
convolution [59], deformation of the nanotube due to the van der Waals interaction with the 
substrate and with the tip [52] account for this. Atomic resolution on carbon nanotubes has 
also been achieved using a low-amplitude resonator AFM [60].
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3 Experimental Techniques
3.1 Scanning Tunnelling Microscopy
3.1.1 Overview
The basic idea behind STM is quite simple, as illustrated in Fig. 3.1. A  sharp tip is brought 
in close proximity (less than one nm) to a conductive sample, which is biased with respect 
to the tip, allowing a tunnelling current (7y) to flow through the potential bairier between 
the two. The tunnelling current, usually a few iiA, varies exponentially with the tip-sample 
separation {s) [61];
-2  A; (3.1)
where 2k [nm “ ]^ = 0.1025 [eV] and 0  is the average work function, assumed equal to 
the mean barrier height between the two electi'odes. ”s” which is the tip-sample separation 
is in units of nm,
A change of the tunnelling gap of one nm can cause the tunnelling current to vaiy by two 
orders of magnitude, and it is this strong dependence of the tip separation on the tunnelling 
current which provides the basis for the STM and renders its atomic resolution capabilities.
The movement of the tip is contiolled by a system of piezoelecti'ic drivers, so that the tip is 
scanned in two lateral dimensions (x, y) across the surface and a feedback circuit adjusts 
the tip-sample spacing (z).
The STM can be operated in either constant-current mode (CCM), or the constant-height 
mode (CHM), as shown in Fig. 3.1. In CCM of operation, the tip is scanned across the 
surface at constant tunnelling current, which is maintained at a preset value by a feedback 
system, by continuously adjusting the vertical tip position. The height of the tip, z(x, y), as
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a function of position is read and processed by a computer and the shape of the surface is 
reproduced.
Fig. 3.1 The two modes of operation for STM: the constant current mode (bottom-left) and 
the constant height mode (bottom-right).
Alternatively, in CHM, a tip can be scanned across the surface at nearly constant height, 
while the tunnelling current is monitored. The variations in the tunnelling current due to the 
tip passing over the surface features are recorded and plotted as a function of scan position.
The CCM can be used to track surfaces which are not atomically flat, while CHM allows 
for faster imaging of atomically flat surfaces. In both modes, the tunnelling voltage and z 
position can be modulated to obtain information about the local spectroscopy.
Even though the principle of the STM is not complicated, many factors have to be taken 
into account for optimum functioning of this instrument. Due to the exponential 
dependence of the tunnelling current on the gap between the tip and the sample, even the 
smallest vibrations transmitted from the ground or the air (as those caused by sound or
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people walking around) can affect the stability of a tunnel current of a few pA or nA. 
Therefore, an effective vibration isolation is essential for the STM unit. Also, a high 
precision in controlling the tip position with respect to the sample and a high scanning 
speed ai'e also a requirement to ensure a stable and reliable instrument. The elements 
employed to achieve tliese requirements are the scanner, used to precisely contiol the 
movement of the tip or sample, and the control electronics, which monitors the tunnelling 
current and coordinates the positioning of the tip. The scanner (also known as piezodrive or 
simply, piezo) is the device employed to move the tip across the sample, conti'olling also 
the tip-sample separation. All STM scanners aie made of piezoelectiic materials 
(piezoceramics) and make use of their propeity of contracting or expanding upon applying 
a voltage. The tube scanner consists of two concenti'ic electrodes, with the outside electi ode 
split into four sections. Elective signals applied across two opposite aieas bend the tube 
perpendicular to its axis producing lateral motion proportional to the applied voltage.
3.1.2 Instrumentation
3.1.2.1 Control Electronics
The electronics used to conti ol an STM play an important role, given the need to maintain a 
distance of -  1 nm between sample and tip with an accuracy < 0.01 nm. This is because for 
many materials, the atomic corrugations observed with STM are typically -  0.01 nm. The 
following elements are the components of the conti ol electronics:
Preamplifier electronics, which basically consists of a current to voltage amplifier, used to 
amplify the tunnelling current.
Feedback electronics, which contain an amplifier and a digital system contiolled by the 
computer (Fig. 3.2).
The feedback adjusts the tunnelling gap distance using the output from the current 
preamplifier and gets an eiTor signal by comparing it to a preset current value. Then, the 
error signal is processed by a loop filter and the output is applied to the z piezo to keep the 
error veiy small. Typically, an STM uses proportional and integral signals to generate the 
output. For example, if the tunnelling current is larger than the reference current, the 
voltage applied to the z piezo will withdraw the tip from the sample. The voltage applied to 
the z piezo is recorded as the topogiaphic image.
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Scan control electronics allows adjusting the region of the sample that is scanned when 
recording an image: x and y scan size, their offset or scan rotation.
Computer interface and data acquisition unit.
Voltage applied
to z -piezo Feedback
electronics
Error
Scanner
Setpoint
currentCurrent
amplifiejp-
Fig. 3.2 Schematic of the control electronics for an STM.
3.1.2.2 Our Equipment at University at Surrey
The instrument used for all the STM experiments in this work is an Omicron STM/SEM 
HC, combining Scanning Tunnelling Microscopy with Scanning Electron Microscopy 
(SEM) in Ultra High Vacuum (UHV). STM and SEM can operate at the same time, each of 
them having their individual advantages.
The SEM uses a UHV Gemini electron column, equipped with a thermal field emission 
source, allowing routinely for a resolution better than 5 nm. The current configuration of 
our system, however, limits the resolution to about 10 nm, due to the STM sample cooling 
system which did not allow for optimal SEM column lens geometry.
The advantage of using the SEM is imaging at much faster rates and larger sizes than STM, 
allowing for the easy location of a suitable region on the sample, as well as providing 
precise tip positioning under SEM control. The quality of the STM tips was also assessed 
using the SEM.
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Both sample and tip can be independently positioned in the SEM field of view, with 3D 
coarse positioning for the tip and 2D XY for the sample. An example of the way the SEM 
is used to help find a feature of interest (CNTs in this case) is shown in Fig. 3.3. After 
locating a CNT (Fig. 3.3 (a)), the STM tip is brought above it (Fig. 3.3 (b)) and the coarse 
approach started.
Sample heating and cooling during scanning at variable temperatures ranging from about 
70 K up to 1000 K is also possible on the STM/SEM stage.
For STM, the system uses a single tube scanner with a maximum scan range of about 8  pm 
X  8  pm X  1 pm, with a resolution in z of better than 0.01 nm.
The vibration isolation is assured by air - suspended damping legs, in addition to a double 
stage Viton stack onto which the STM stage is mounted, designed for acoustic frequency 
vibration isolation. The base pressure is usually about (2 -  3) x 10'" mbar.
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Fig 3.3 Finding an isolated carbon nanotube using the SEM (a). Coarse tip approach 
under SEM control (b).
3.1.2.3 Sample Preparation
Sample preparation represents a very important aspect for SPM experiments. Especially for 
the case of adsorbates and molecules on a surface, as is our case, a very smooth and 
homogeneous substrate providing a featureless background is of crucial importance. 
Substrates extensively used for this purpose are graphite and mica, both providing a
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relatively inert and atomically flat surface which can be easily obtained by simply cleaving 
the surface in ambient air. An example of flat graphite surface is shown in Fig. 3.4.
Mica is generally used as a substrate for AFM experiments but not for STM which needs a 
conductive substrate.
JOOnni ZOOnm
Fig. 3.4 ///» STM images on HOPG showing large, flat terraces (a) and (b).
Graphite substrates
Due to its high thermodynamical stability in air and also the relative ease of obtaining 
images of graphite in different environments (air [62], UHV [63], water [64] and at low 
temperatures [65]), this surface has been widely used in STM studies.
In particular. Highly Oriented Pyrolitic Graphite (HOPG) is used as a standard sample to 
check the ability of the apparatus to provide atomic resolution. With a good tip, atomic 
resolution on HOPG was routinely observed and Fig. 3.5 shows such an example. In our 
study, HOPG has been used to perform the scanner calibration and assess the quality of the 
tip by rendering the atomic resolution, as well as a substrate onto which carbon nanotubes 
have been deposited for the STM experiments.
The image in Fig. 3.5 (a) shows the typical STM signature of graphite, with the Fast 
Fourier Transform (FFT) spectrum associated to it shown in Fig 3.5 (b). Fourier transforms 
reveal the periodic content of an image and are useful for image analysis and filtering. The 
Fourier transform of a particular image represents the source image in frequency space.
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A fast Fourier transform is a special algorithm for quickly calculating a Fourier transform 
on a source image having dimensions that are powers of two and it is symmetrical around 
the center (with symmetric points being complex conjugates of one another). The lowest 
frequencies present in the raw data will be found at the center of the FFT image. The 
frequencies represented are higher as the image is traversed in both the X and Y directions 
from the center.
Fig. 3.5 STM images of HOPG showing atomic resolution (a), together with its FFT image 
(b) and zoom on the central part of the image (c).
The FFT in Fig. 3.5 was obtained using Digital Micrograph, the software generally used for 
acquiring, visualizing, and processing digital image data, primarily for electron microscopy.
The Fourier peaks shown in this image correspond to the reciprocal unit cell and ideally 
should be located on a circle.
The lines connecting the origin and the two peaks (A, B) are the two reciprocal lattice 
vectors and their sum points to the third lattice peak (C), showing that the three vectors
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correspond to a hexagonal lattice. Having determined the reciprocal vectors from a FFT 
image, the lattice vectors can be calculated, and the values can be used for example, for the 
calibration of the STM scanner or for correcting distorted images but this, however exceeds 
the purpose of our current work.
Coming back to the HOPG, it is well known that the HOPG has a honeycomb symmetry 
with an inter-atomic distance of 1.4 Â (see Fig. 3.6 (a)). In our STM image, (Fig. 3.5 (b)), 
where every bright spot (atom) is surrounded by six bright spots, the inter-spot distance is ~ 
2.4 A. This was previously observed on images obtained in STM experiments on HOPG 
[61, 6 6 , 67] by other groups as well. A 2.4 A distance between the features seen by the 
STM would be possible only if every other atom is being imaged, as illustrated in Fig. 3.6 b.
B
(a)
2.4 Â
(b)
Fig. 3.6 Schematic view of the structure of the graphite crystal (a) and (b) with their 
corresponding STM images shown below for comparison.
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The fact that only 3 of the 6  carbon atoms of graphite lattice appear in the STM images 
gave rise to many controversies in the past and, despite extensive studies, a general 
accepted interpretation is still lacking.
The general consensus is to attr ibute the observed effect to the non-equivalence between the 
A-site and B-site atoms. The carbon atoms in the hexagonal rings at the surface occupy 2 
inequivalent sites. As seen in Fig. 3.6 (b), the A-type atoms have neighbours below them in 
the second layer, while B-type atoms are positioned above the centers of the hexagons in 
the layer beneath.
Several models have been developed to explain this effect and they can be divided as 
follows:
1. Concepts which attribute the asymmetiy to electronic effects [6 8 , 69, 70]:
For example, Tomanek et al [6 8 , 69] take into account the interlayer interactions between 
the first layer of the graphite surface and the layer located below it, and shows that the 
atoms visible for STM are the B-type atoms. The A-site atoms either experience a lower 
density of states due to tlie interaction with the underlying layer, either are dimensionally 
located lower, lowering thus the possibility of electrons to tunnel across and contribute to 
the tuneling STM current.
2. Other models attribute the asyimnetiy to mechanical effects between tip and sample. The 
interpretation of Sloer et al. [71] suggests that the interatomic forces between tip and 
surface induce deformations of the surface graphite layer. A repulsive force will generate a 
compression, while an attractive force will give rise to an expansion of the graphite surface. 
Therefore, an amplification of the tip motion will arise from surface defomiation, 
explaining the large corrugations observed on graphite. Based on the consideration that the 
tip exerts a mechanical force on the surface, and consequently, morphological changes 
occur on the graphite surface, they conclude that the B-site is depressed less than the A-site, 
resulting in the observed asymmetiy. Similar studies have been carried out in [67], taking 
into account the influence of surface contaminants on the tip-sample interaction.
3. Other models attempt an explanation for these anomalies on the basis of both mechanical 
and electi'onic effects [72].
Despite the various models proposed to explain the difference between the observed and the 
actual sti'ucture of the graphite, images showing all six carbon atoms have been obtained
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[73]. The measured distance between atoms in this case is ~ 1.4 Â, consistent with the 
known distance between C atoms in graphite.
We have also occasionally obtained STM images displaying the three-fold symmetry and 
one example is shown in Fig. 3.7.
There is no rule as to when and in what conditions the honeycomb structure appears. In our 
experiments, the imaging parameters seem to have no effect, as we sometimes observe on 
the same image both symmetries. The tunnelling current is usually maintained at ~ 0.1 nA 
and the bias voltage at ~ 0.1 V.
Fig. 3.7 Atomic resolution showing the honeycomb structure of HOPG (a), the FFT  
spectrum (b) of the image in (a) and zoom on the central part of the image (a) in (c).
Although many attempts have been made to explain the two distinct appearances of the 
same structure, no theory seems to be fully successful. Tip-sample interaction during
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scanning could be a reason for the appearance of the six carbon atoms. Due to the weak 
interaction between consecutive layers in HOPG, small shifts in position and orientation of 
layers can occur. When the topmost layer aligns with the one underneath so that all the 
atoms are atop of one another, the honeycomb structure is probably obtained. When the two 
graphite layers are positioned as shown in Fig. 3.6(b), ABAB stacking, only half of the 
atoms are presumably seen by the STM.
As a general observation, the peaks in the FFT spectrum of the image 3.7 (b) are no longer 
located on a circle. Due to drift during imaging, probably incorrect calibration of the piezo, 
or tilt of the sample, the circle has been deformed.
However, HOPG has not proved to be a very good substrate for our purposes because of the 
various kinds of defects on its surface that make distinguishing them from the features of 
the deposited material very difficult. Surface steps and folds along the steps were currently 
seen on this surface, as illustrated in Fig. 3.8. They were probably created in the cleavage 
procedure, due to tip-sample interaction during scanning or damage induced by the CNT 
solution.
Fig. 3.8 An example of an HOPG defective surface (a), and steps (b), initially thought to be 
a CNT, obtained after zooming in on the highlighted area in (a).
Given the difficulties in working with HOPG we have tried to find another substrate to 
place the CNTs on for the STM experiments.
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Au substrates
A very good alternative to HOPG is Au, due to its relative inertness in air, although 
obtaining good quality films suitable for STM experiments is not a trivial task. Common 
methods of preparing gold surfaces usually result in surfaces exhibiting high topographical 
variations of greater magnitude than the adsorbate molecules to be studied, making 
distinguishing the adsorbed layer from the substrate features impossible.
It was reported that flame annealing of Au single crystals provides an atomically flat 
surface. However, the preparation of the monocrystal usually involves mechanical or 
chemical polishing, prior to flame annealing or sputter-annealing in UHV, which can lead 
to surface contaminants. The solution of the material which is to be analyzed can also 
contaminate the surface, which in addition to the high cost of single crystals and the 
preparation steps makes it of limited use.
We have used an Au single crystal with [111] orientation. After mechanical polishing to a 
mirror-smooth finish, the STM picture shows a very rough surface and long linear scratches 
of varying dimensions and different orientations (Fig. 3.9 (a)).
Fig. 3.9 AFM image of polished Au (a) subjected afterwards to Ar sputtering and thermal 
annealing in UHV (b) and (c).
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The root-mean-square roughness (RMS) of this surface is typically about 4 nm on a (2 x 2) 
pm, with scratches as high as 15 nm and up to (60 - 70) nm wide. Repeated cycles of Ar ion 
sputtering, followed by thermal UHV annealing of this surface, yielded a considerably 
improved surface compared to the polished one, as shown in Fig. 3.9 (b) and 3.9 (c).
The surface is smoother, the RMS roughness is 0.8 nm, and more homogeneous, showing a 
gi'ainy structure, with an average grain size of about 60 nm. It can be seen that these grains 
are crystalline (Fig. 3.9 (c)) witli some of them rounded in shape, not showing the usual 
triangular facets obsei'ved on monociystals. Some islands however start exliibiting a more 
triangular' shape. Atomic resolution could not be obtained on this surface, which might 
suggest the presence of some disordered regions. Further sputter-annealing cycles are 
necessary to obtain the much sought after large and flat terraces.
Due to the fact that when using different solvents to disperse our nanotube material on the 
Au substrate the risk of contamination is present, we have abandoned the idea of using an 
expensive monocrystal in favour of evaporated Au.
Many procedures have been reported on the subject of Au film gi'owth and there is a wide 
variety for the conditions used to produce high quality films, which makes the construction 
of a unified picture on this subject veiy difficult. A variety of substrates is used for Au 
evaporation, the evaporation conditions are different and different post-evaporation 
treatments are performed. We have used tluee different substrates onto which Au films 
were gi'own: glass, NaCl ciystal and mica. Prior to Au deposition, the substrates were 
treated as follows:
Glass substiates (microscope glass slides) were first ultrasonically cleaned in acetone, water 
and then ethanol and the NaCl monocrystal was cleaved in air using a shaip blade.
Mica was used as purchased and only cleaned under a stieam of N .^ The substrates were 
then mounted on the same holder of the evaporator, in order to obtain films of identical 
thiclaiess that can be reliably compared. The substrates were placed approximately 30cm 
under the evaporation source, the deposition pressure was maintained to about 1 0 '^  mbar 
and the evaporation rate was ~ 1 A/s. The Au films, approximately 2 0 0  nm thick were 
investigated in air without any subsequent treatment, using the AFM.
Au on glass
On glass, the Au film resulted was veiy rough, revealing a mountain-like sti'ucture, and 
displaying an RMS roughness of about 20 nm and large, uncorrelated and irregular surface
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features, as shown in Fig. 3.10. This is probably due to the nucléation of Au on glass, 
extensively studied in the literature, and which attributes the surface roughness to the 
liquid-coalescence of Au on glass which leads to a wide-ranging statistical distribution of 
the surface irregularities [74].
■ 4f
Fig. 3.10 AFM images of the Au film evaporated on glass. Image scan sizes are (I x /j pm 
in (a) and (5 ^ 5) pm (b).
Au on NaCl crystal
Smooth metallic surfaces have been reported when growing thin metallic films on cleavage 
planes of NaCl [74, 75]. Au grows epitaxially on NaCl and the surface is generally assumed 
to be atomically smooth.
In our case, however, the surface map displays a cluster-like structure with an RMS 
roughness of about 2 nm. Our Au does not replicate the features of the underlying substrate 
(cleavage steps) as described in the literature, and more, it does not show a very smooth 
surface, showing instead a combination of small and large grains with sizes varying from 
20 nm to ~ 200 nm (Fig. 3.11).
This is probably due to the fact that the Au film is too thick and layers of gold crystallites 
are formed with increasing thickness, so the morphology of the substrate is not preserved, if 
the film was growing epitaxially in the first place.
The thickness of Au reported in the literature ranges from a couple of nm, up to 100 nm and 
also, the evaporation is done at temperatures varying from 500 K to about 650 K, while in 
our experiments the films are grown at room temperature.
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Fig. 3.11 Topography map of Au film evaporated on NaCl crystal shown at two different 
magnifications.
Au on mica
Mica is also one of the preferred substrates for epitaxial growth of noble metals. Generally, 
the Au evaporation is performed on a heated mica substrate (between 500 K and 600 K), 
followed sometimes by sputtering and annealing in UHV. A substrate temperature higher 
than 570 K seems to be the ideal temperature for obtaining highly oriented and very smooth 
Au(l 11) films with monoatomic steps [76].
In the absence of a heated substrate Au grows on mica as shown in Fig 3.12 (a).
20<‘iini JOOnm
Fig. 3.12 AFM images showing typical examples of as-grown Au film on mica (a), and after 
annealing in air, at 300 °C,for 24 hours (b).
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It can be seen that the morphology of the evaporated gold is granular and rough. It is 
composed of small grains (~ 1 0  nm to 1 0 0  nm), with occasional flat domains and deep 
grain boundaries, which is characteristic of evaporated gold films. The RMS roughness 
found on these surfaces is 1 .75 nm and 1.06 nm respectively.
It was shown that the thermal annealing of evaporated films, and in particular flame 
annealing dramatically improves the flatness of these substrates and produces atomically 
flat terraces [77]. Flame annealing, although proven to provide a very clean, with very large 
atomically flat (111) terraces (tipically 0.8 pm - 1 pm) [78], did not produce a flat surface 
in our case (Fig. 3.13).
The RMS roughness of this surface, as estimated from AFM measurements is about 
4.85 nm (on a 1pm) and 12.46 nm on a 5 pm area.
Fig. 3.13 AFM topography offlame-annealed Au film grown on mica at low (a) and higher 
magnification (b).
The annealing was performed using a small butane torch set for a conical blue flame. A 
possible explanation for not obtaining the desired flatness could be the annealing 
temperature, which was maintained at about ~ 650 °C, for about one minute and then at 
480 °C for another minute, in [78]. A correct estimation of the temperature could not be 
made in our case and we could only assume, based on the colour of the flame, that the 
temperature was about (600 -  700) °C. Also, the annealing was performed in air and not in 
N 2 as in [78]. Upon exposure to air, the rapid vaporisation of water which slowly 
intercalates between the gold and the mica could induce the film delamination, in addition 
to removal of some Au. These might be responsible for not achieving a good anneal.
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Generally, thermal annealing of metal films causes the grain boundaries to diffuse across 
the grains so that grains can merge to produce larger grains. Gold samples as the ones 
shown in Fig. 3.12 (a) were thermally annealed in air, at a temperature of 300 °C, using a 
hot plate, initially for a period of about 24 hours. The roughness is improved to about 
1.06 nm (Fig. 3.12b). Further thermal annealing for about 40 hours shows an even smoother 
surface with larger terraces.
Terrace sizes can be enlarged further by stripping the gold film off the mica, using a 
method developed by Hegner et al. [79]. This method involves the evaporation of gold 
under vacuum, after which the gold is glued face down onto a mount and the mica is 
removed by peeling it away mechanically, or with sticky tape, or by using solvents. The 
advantage of this method is the fact that the substrates can be stored for months after 
evaporation, as leaving the gold in contact with mica, isolates the gold from the 
environment.
We used silicon as the substrate onto which the gold is glued, and epoxy EpoTek377 from 
Promatech Ltd. UK, as adhesive, which is cured at 150 °C, for about one hour, prior to 
cleavage of the mica. Mechanical cleavage has the disadvantage that some pieces of mica 
still remain on the gold surface after cleavage, but it is our preferred method, as sticky tape 
and solvents leave undesirable residues on the gold. Cleavage in liquid nitrogen is the 
cleanest separation reported in the literature [80] but from our experience, the resulted 
substrates are rougher than the ones obtained by mechanically cleavage.
The quality of the gold films so obtained was assessed using both AFM (as shown in 
Fig. 3.14) and STM (Fig. 3.15).
Fig. 3.14 Topographical images of Au film after annealing and stripping off mica, scanned 
by AFM and shown at increasing magnification from (a) to (c). (b) represents a zoom in of 
a relatively central region of (a), and (c) a zoomed in region of (b).
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The value of the RMS roughness measured using AFM is 0.34 nm on a (1x1) pm scale, 
which compares very well with data found in the literature, obtained on flat gold.
The maximum variation in height measured across a surface profile does not exceed 1.5 nm, 
however large scale occasionally show some defects (holes) on the surface which are 
probably related to the quality of the mica substrate.
The same sample was investigated using STM and the images are shown in Fig. 3.15. The 
surface displays large, flat terraces, greater than 1 0 0  nm, with the steps between terraces 
usually mono-atomic steps of ~ 0.3 A height. Some regions display a more stepped surface 
than others, resulting in a reduced terrace size, as shown in Fig. 3.15 (c). The reason seems 
to be the absence of substrate heating during deposition. Preparing of substrates without 
heating was reported to result in highly stepped surfaces [81].
Fig. 3.15 STM scans of Au film obtained as described in the text, by stripping the film off
mica.
Most of the preparation methods of flat gold involves heating the mica substrate prior and 
during evaporation. In the absence of heating, as is our case, the mobility of gold when it 
encounters the substrate is reduced, so as a consequence, its ability of filling gaps and voids 
and to replicate very closely the flatness of the substrate is also reduced.
If  prior to deposition, mica is cleaved in air, water quickly physisorbs or chemisorbs on its 
surface, so heating the mica in vacuum to remove the water seems to improve gold 
adhesion to the substrate and to promote a two-dimensional growth [82].
All the substrates used for the current STM experiments on CNTs in this work were 
prepared by the “peeling o ff’ method, as explained in this section.
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3.1.2.4 Tip preparation
The resolution of an STM, as well as the measured electronic structure, is influenced by the 
tip’s shape, size and chemical composition, which make the tip the most crucial component 
of the STM. I f  the tunnelling occurs from multiple atoms located at the end of the tip, the 
STM image would be a summation of the contiibutions of all atoms participating in 
tunnelling, and anomalous images and artefacts will appear. Therefore, ideally, the tip 
should be terminated in a single atom to provide reliable measurements and high resolution. 
Binnig and Rohrer realised from the beginning of their experiments that only a tip with 
radius smaller than one nanometre would provide the atomic resolution they required [1 ].
The purity of the tip is also important, so that a higher effective resistance than the desired 
tunnelling gap resistance can be avoided (as for example the tungsten-oxide layer present 
on the surface of the W  tips).
Obtaining good and reproducible tips is a problem even today, given the difficulty of 
controlling its shape down to the apex atom. Also, if  the tip is not free of contamination and 
oxide, the tunnel junction can be unstable, causing anomalies for imaging and 
spectroscopy, or mechanical contact of tip and sample before the tunnelling can occur, 
resulting in damage to the subsfrate or tip.
Generally, metal wires are used as material for STM tips, the most common being W and 
Pt-fr. Due to its stiffness, W has been extensively used to prepare STM tips, although the 
oxide layer present on its surface makes acquiring the image problematic. These tips are, 
therefore, more suitable for UHV-STM. For air-operated STM, Pt-Ir tips are widely 
employed due to their inertness to oxidation. The first STM experiments used mechanically 
gi'ound W and Mo tips.
Several methods have been developed to prepare sharp and clean STM probes, as 
electrochemical polishing and etching, ion milling, electron beam deposition, flame 
polishing, mechanical shaping (cutting, machining), etc.
Our preferred method for preparing the tips is an electrochemical procedure, which will be 
described next. All tips used in our experiments have been prepared using this method. This 
method involves the anodic dissolution of W wire and can be performed either by using an 
DC or AC voltage. We use the DC etching as it has proved to result in sharper tips than the 
AC etched tips.
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The W wire is used as the anode in an electrochemical cell and a piece of stainless steel as 
the counter electrode (the cathode). Fig. 3.16.
NaOH
Fig. 3.16 Schematic of the etching process
The electrolyte is typically a 2M solution of NaOH. Applying a voltage of (4 to 12) V DC 
to the anode, gives rise to the following reactions in the electrolyte, which involves the 
reduction of water to hydrogen gas and OH ~ ions at the cathode, and the dissolution of W  
to WO 4" at the anode [19]:
Cathode: 6 H2O + 6 e‘ —► 3 H2 + 60H
Anode: W + 80H —» WOa^ + 4H->0 + 6 e
W + 20H + 2 H2O W04^' + 3 H2
The side of the wire will etch more quickly than the bottom, causing the wire to thin into a 
sharp tip shape. The etching proceeds until the lower part drops off and either part can be 
used as an STM tip.
There are a few parameters known to influence the etching process, as studied by Ibe et al.
[83], such as the voltage between the anode and cathode, the height and meniscus of the
electrolyte, the concentration of the electrolyte (as the OH is consumed), the length of the 
immersed wire (for a 0.25 mm diameter, the optimum length is ~ 1 mm - 3 mm) and the 
etching current cut-off time (the time for the etching current to stop after the lower part 
drops). The aspect ratio of the tip can be controlled by carefully selecting these parameters. 
An example of what an electrochemically etched W probe looks like is shown in 
Fig. 3.17 (a).
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Fig. 3.17 SEM images of an electrochemically etched W tip (a) and a scissor cut Pt-Ir tip 
(b)
After etching, exposing the W wire to air results in formation of an oxide at the surface 
which has to be removed in order to obtain meaningful data on the STM. Often, various 
contaminants from the etching solution are also present. A clean and contaminant-free 
metal surface can be obtained by annealing in vacuum. Above ~ 725°C only metal W and 
WO? are present, and because the WO? is volatile, a clean metal surface is generated. The 
tip can be annealed by electron bombardment, in which case, a negatively biased filament 
with respect to the tip emits electrons to heat the tip [84].
We have noticed that SEM imaging of the tip prior to STM scanning has a cleaning effect 
on the tip.
Another method of producing sharp tips that we have used is focussed ion beam milling. 
This method helps to further decrease the radius of curvature of the tips, as well as remove 
the oxide layer after the electrolytical etching. In this case, a 20 KeV Ga ion beam is 
applied to the tip, leading to tip radii as small as a few nm.
For STM studies in air, Pt, Ir, Pt-Ir, Au, Rh, Ni, Pd are generally used. The use of DC 
voltages is known to be ineffective in dissolving these materials and often, hazardous 
electrolytes are used, as KCN, HCI/HNO3 [85, 8 6 ]. Generally, a two-step process is 
involved, the first intended to create a smooth and almost sharp tip, of ~l)im radius, 
followed by electropolishing under the microscope, as the second step.
A more common approach for fabricating Pt-Ir tips is mechanical cutting, which we have 
also used for the air-operated STM. In this case, the tip’s end is usually a rugged surface 
(Fig. 3.17 (b)). However, if the arrangement of the last few atoms at the apex of the tip is in 
a favourable configuration to provide a protruding local orbital, high resolution is
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achievable. As mentioned in the first section of this chapter, for a tunnelling current 
increase by a factor of 10, the gap distance decreases by 0.1 nm. This means that if one 
atom at the apex of the tip is 0.1 nm closer to the sample than all the other atoms of the tip, 
most of the tunnelling will flow through the apex atom and we can expect atomic 
resolution.
More recently, semiconductor STM tips have been demonstrated, in contrast to 
conventional metal tips [87]. This is because a broad energy distribution of tunnelling 
charge carriers results from a metal probe, which complicates the data analysis and limits 
the energy resolution for scanning tunnelling spectroscopy. It is shown in this study [87] 
that a well-defined and narrow tunnelling distribution can be obtained by shifting the Fermi 
level in the semiconductor.
Due to their high aspect ratio, carbon nanotubes, typically a few nm in diameter and a few 
pm in length are a suitable material for STM probes. Individual nanotubes have been 
successfully used as tips for STM [88] and ATM.
We have made an attempt to use CNTs grown at the end of a Ni wire as tips for STM. In 
this case, a stable tunnelling current could not be obtained, probably due to the large 
number of nanotubes present on the Ni wire, which acted as multiple mini-tips giving rise 
to interference between different tunnelling centres (See Fig. 3.18). Work is in progress for 
growing and attaching individual nanotubes that will be used as probes for STM.
Fig. 3.18 SEM images showing the CNTs grown on the Ni wire (a) and the tip end of the 
wire, at a higher magnification (b).
Tungsten carbide nano-needles of about 1pm in length and 50 nm in diameter, have been 
synthesised by catalytic CVD, by Arie et al. [89], and seem to perform well in air, in terms 
of stability and resolution.
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3.2 Scanning Tunnelling Spectroscopy
The ability to vaiy the tunnelling bias over several volts was exploited early in STM 
development and led to scanning tunnelling spectioscopy. Since the tunnelling current 
reflects the local density of states, atomically resolved spectroscopy performed with STM 
provides information about filled and empty electron energy states. Various spectroscopic 
methods have been developed for the STM. The most common are presented below:
(i) I f  the sepai ation between the tip and the sample is modulated at a constant bias voltage, 
the derivative of the logarithm of the tunnelling current with respect to the separation can 
be measured. This quantity is proportional to the work function of the surface being 
investigated, as shown previously. Strictly speaking, it is the effective baiTier height 
between the tip and the sample, which is measured by STM and not the work function. The 
work function (defined as the minimum energy required to remove an election from the 
bulk to the vacuum level) equals this actual height only at an infinite distance fiom the 
surface.
(ii) I f  the tip is held over a given point on the sample, I-V curves corresponding to that 
location are obtained by measuring the variation of the tunnelling current as a function of 
voltage. The derivatives of these curves give a direct indication of the density of states of 
the sample at that location. Indeed, fiom eq. (2.18), if one considers that the magnitude of 
the tunnelling matrix element |M| does not change appreciably in the interval of interest, the 
tunnelling cmrent is only given by the convolution of DOS of the tip and sample:
e V
I  ^ P s { E p - e V +  e)pT{Ep+s) dE  (3.2)
0
and assuming a tip with a constant DOS:
-— c c p ^ { E p - e V )  (3.3)ar
Eq 3.3 shows that we can obtain the DOS of the sample by simply plotting the dl/dV versus
F, assuming a constant \M\ and a tip with a constant DOS, and in the limit of small bias
voltages, smaller than the workfunctions of the tip and the sample.
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A constant, featureless DOS for the tip would be expected in the case of a blunt tip, but in 
order to obtain the atomic resolution, a tip with its apex terminated in a single atom is 
required. However, the tip contiibution can be substracted from the DOS spectra.
In addition, the assumption \M\ -  const., is also not very good, as it was shown that the 
tunnelling probability is always highest for the states at the Fermi level. Therefore, having a 
positive sample bias, which makes the electrons tunnel from the tip into the sample, most of 
the electrons originate fiom the Fermi level of the tip and thus the unoccupied states of the 
sample will be measured. Reversing the bias, most of the electrons will originate fiom the 
Fermi level of the sample and not much about the occupied DOS of the sample will be 
measured. To correct for this, Feenstra et al. [90] have shown that a more accurate 
description for the sample DOS is given by the normalised derivative (V/I)(dI/dV), instead 
of the derivative alone.
Since the tunnelling cunent reflects the local density of states, atomically resolved 
spectroscopy performed with STM provides information about filled and empty electron 
energy states.
(iii) Combining the specti'oscopic capabilities and the scanning ability of an STM device 
allows for high spatial resolution specti'oscopy measurements. Current imaging tunnelling 
spectroscopy (CITS) involves the measurement of the I-V  characteristics at each pixel that 
the normal topogiaph is obtained fiom. This way, a current image (obtained from the three- 
dimensional data structure of I(V, x, y) can be created, in addition to the simultaneously 
acquired normal topographic map. The cunent image, thus represents a slice, at a given 
voltage, of the current as a function of the lateral x, y coordinates. The use of current 
imaging allows a more energy-resolved spectroscopy to be performed with spatial emphasis.
Examples
(i) STS spectroscopy
As an example, single point spectroscopy experiments on graphite will be presented in this 
section, with an emphasis on the DOS information that can be extracted from the STS 
spectra. The choice for graphite stems from the close connection between CNTs and 
graphite, so we have used graphite as a test for single point spectroscopy measurements 
prior to moving to CNTs.
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Before discussing the DOS data, a general description of the electi'onic band structme of 
gi'aphite will be given, which will seiwe as a background for interpreting these data. 
Graphite is a layered material (Fig. 3.19), having an interlayer spacing of 0.337mn, which 
is large compared with the interatomic spacing within the layer (0.142 nm), making 
graphite a highly anisotropic crystal.
Fig. 3.19 (a) Graphite crystal (reproducedfrom [91]), (b) three-dimensional Brillouin zone 
of graphite [92].
As a result, most of the theoretical calculations for the electronic band structure consider 
graphite as a two-dimensional solid, neglecting the interaction between consecutive layers. 
This is often called the single layer approximation [91].
The election states in graphite can be separated into bonding a and n states and antibonding 
a* and k* states, giving rise to the valence and conduction bands, respectively, a states are 
formed by the sp^  hybridization of the 2 s, 2 px, 2 py atomic orbitals, being responsible for the 
strong bonding within the layers, tz states are formed by overlapping of the 2 p% orbitals, 
which are oriented peipendicular to the layer plane, giving the weak bonding character 
between successive layers.
Models including the interlayer interaction predict the splitting of each energy band in the 
single layer approximation, into two closely spaced states [92]. This is due to the fact that a 
four-atom unit cell is introduced as opposed to a two-atom unit cell used in the single layer 
approximation. Consequently, to accommodate the eight extra valence electrons per unit 
cell, each band will split into two bands.
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The magnitude of the splitting is greater for tz bands than for a bands, as the iz bands are 
oriented normal to the layer plane, and are thus more sensitive to the interlayer interaction. 
The splitting of the tz bands is responsible for the % and tz* bands overlapping at the 
Brillouin-zone edge, which also determines the semimetallic properties of graphite [93].
Following the notations in Ref [94], along directions LQPH (Fig. 3.19 b), the state Q'2g (ir*) 
splits into Q'2g(7t*) and Q'2u(îc*) and the state Q'2u(ît) splits into Q"2g (?r) and Q’2u(ti:). The state 
P'3(7t) is doubly degenerate along the Brillouin-zone edge and splits into P'3(7t), P'i(ît) and P' 
2(71*). Notations in [94] are made in accordance to observed optical transitions correlated to 
the calculated band structure for graphite. Superscripts “+” and label representations 
even and odd under reflection and “g” and “u” denote representations even and odd under 
inversion and translation.
Photoemission and secondary electron emission spectroscopy [93] experiments have 
confirmed the tz bands splitting in graphite. Table 1 shows the values obtained in these 
experiments, attributed to the different states at the P and Q points in the Brillouin zone.
Table 1 Occupied and unoccupied states for graphite as derived fi'om photoemission 
spectroscopy and secondary electron emission measurements[93];
State (Valence band) Energy (eV) State (Conduction band) Energy (eV)
P-I(TC) -0 . 8 P'2(7E') 0 . 8
Q‘2«(7t) - 1 . 8 Q'2u(?r*) 1.9
Q‘2g(îC) -2 . 6 Q-2g(:[') 2.4
Only values relevant to our STS experiments are shown in Table 1 , between -3 V  to +3 V. 
A higher ramp for the bias voltage (higher than the work function of graphite, 4.7 eV) for 
STS is not advisable anyway, as this enters the field emission regime. The features 
observed in tlie tunnelling spectra in this case no longer represent a true reflection of the 
DOS, but also contain field emission resonances imposed over the DOS. The STS 
experiments of graphite found in the literature ai’e usually not performed for a high energy 
range.
Our STS measurements have been performed with the bias voltage in the -3V to + 3V range. 
Generally, recording I(V ) spectia at selected locations on the sample was done during the
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scanning process, by interrupting the feedback for about 60 ps, in which time an I(V) curve 
was taken with a preset number of points (usually 200 points) for the bias voltage scan. The 
experiment was performed at room temperature and in UHV, using an electrochemically 
etched W tip.
First of all, the surface was scanned over a (1 x 1) pm^  area in order to select a clean and 
defect-free region, then the parameters were optimised to obtain the atomic resolution and 
the I(V) data obtained at selected locations. The normalised derivative (V/I)*(dl/dV) was 
numerically calculated afterwards.
Fig. 3.20 (a) shows an example of atomic resolution on HOPG, indicating also the locations 
where the I(V) curves were recorded, allowing thus the examination of the occupied and 
unoccupied states with spatial selectivity and high energetic resolution.
9  P2
 P3
>
0
0 2 3■3 ■2
Bias Voltage (V )
Fig. 3.20 (a) Atomic resolution on HOPG (STM image recorded at bias voltage V=0.3V, 
and setpoint 1=0.5nA; (b) Normalized tunnelling spectroscopy data recorded at the points 
indicated in (a).
The image was acquired by maintaining 0.5 nA constant tunnelling current for positive 
sample bias and it was FFT filtered using the dedicated SCALA software. The STM image 
shown in Fig. 3.20 (a) loses some of its sharpness and clarity close to the end of its scan. 
The atomic resolution was not lost however and it was regained in the next frame. This is 
also an indication that the surface was not damaged by recording the I(V) data. Also shown 
in Fig. 3.20 (b) is the normalised derivative taken at the points indicated by the small 
squares in Fig. 3.20 (a).
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Generally, all the curves in Fig. 3.20 (b) exhibit the same features in the DOS specti'a, 
having different intensities and slightly different positions for the peaks representing the 
various states. The V  shaped spectrum with a non-zero DOS at V  = 0 (E = Ep) is 
characteristic of semi-metallic properties of graphite.
The positions of the states visible in each tunnelling spectrum for each of the points 
selected in Fig. 3.20 are summarised in Table 2. These values are presented in comparison 
with values obtained by Klusek [95] for STS measurements on graphite.
Klusek [95] has investigated the splitting of the % bands in a rather high energy range 
(-6.5 eV to 6.5 eV), and evidenced some other states in addition to the ones found in the 
present experiment: an extidnsic surface state at ~ 2.9 eV, and an interlayer state at ~ 3.9 eV. 
The extrinsic state was occasionally observed by others [95] and it is probably defect- 
related, being generally attributed to C adatoms, defects and C clusters.
Table 2 Values obtained for the energy corresponding to bonding and antibonding states 
derived from the tunnelling spectra recorded at points P I- P7,as compared to values 
obtained by other STS experiments [95].
Bonding
&
Energy Energy Energy Energy/ Energy
(eK )
Energy
(6 K )
Energy Energy
Antibonding
States P I P 2 P3 P 4 P5 P 6 P 7
Klusek
[9 5 ]
V fn ) -0 .3 -0 .4 -0 .4 -0 .3 -0 .4 -0 .3 -0 .4 n.r.
P"l(7t) -0 .9 -1 -1 .1 -0 .8 -1 .1 -0 .9 -0 .9 n.r.
Q*2«0i) -2 -2 -2 .1 -2 -2 .1 n .r. n .r. -1 .8
Q'2g(7l) n .r. n .r. n .r. n .r. n .r. n .r. n .r. -2 .7
1 0 .8 1 0 .8 0 .9 0 .7 1.1 n .r.
Q 2 u (:r ') 1.8 2 2 1.9 2 n .r. 2 1.9
Q'2g(ît’) n .r. n .r. n .r. n .r. n .r. n .r. 2 .4 2 .4
Due to the limited energy range used for I(V ) spectroscopy, our experiment does not reveal 
an extrinsic state. The upper most state observed appears at -  2.4 eV and it was only found 
on the specti'um recorded at point 7 shown in Fig. 3.20 (a). This is illustiated in
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Fig. 3.21 (a), where the specti'um corresponding to point 7 was selected to show more 
clearly the resolved features for the unoccupied states and the one corresponding to point 4 
for the unoccupied states, in Fig. 3.21 (b) respectively.
- 2 - 1 0  I
Bias Voltage (V )
0 32- 4 -3 -2 ■1
Bias Voltage (V )
Fig. 3.21 The variation with the voltage of the tunnelling current recorded at point 7 (a) 
and 4 (b) after numerical differentiation and normalization, respectively.
For point 4, in the occupied states portion of the spectrum the main feature is a maximum at 
about 1.9 eV below the Fermi level, which is attributed to the Q"2u(jr) in the Brillouin zone. 
Another feature represented by a lower intensity peak, at about -0.8 eV is attributed to the 
P'i(Tt). These values are in good agreement with the photoemission results shown in Table 1 , 
as well as with the STS results on graphite found by Klusek [95].
The occupied states show in the DOS for the spectra recorded at point 7, a peak located at 
2.1 eV above the Fermi level, which is associated to the Q'2u(7t*) state in the Brillouin zone. 
A second peak, located close to the first one, which corresponds to the Q'2g(îi:*), appears at 
~2.5 eV. The state is not resolved in any other spectrum. The reason for not
observing this state is probably due to the fact that, when probing the occupied states of the 
sample, the ones located close to the Fermi level have a higher probability of tunnelling. 
Consequently, the lower states will not be observed, as they decay faster into the vacuum.
Also, the intensity of the Q"2g(7i:*) is weaker than the intensity of Q"2u(7[*), which can be 
explained by a decrease of the decay rate into the vacuum for larger values of the wave 
vector kz perpendicular to the surface [95 and ref therein]. With a zero wave vector (kz = 0) 
for Q'2g(7t ) and a non-zero value (kz ^  0 ) for Q‘2u(7t*), this can account for the difference 
observed in the intensities of the two peaks.
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Having identified the spectral features, the splitting between the states at the Q and P points 
in the Brillouin zone can be estimated. The resulting values for the tz splitting at Q is 
~ 0.4 eV and ~ 0.6 eV for the n splitting at the P point. They are in reasonable agreement 
with other theoretical and experimental data. For instance, STS measurements performed 
by Klusek [95] show a 0.5 eV splitting for the n \  while the splitting at P is not resolved in 
their spectra. Using photoemission techniques, Feuerbacher et al. [96] find a splitting of 
0.8 eV at P.
(ii) Current Imaging Tunnelling Spectroscopy
Combining the spectroscopic capabilities and the scanning ability of an STM device allows 
for high spatial resolution spectroscopy measurements. Current imaging tunnelling 
spectroscopy (CITS) involves the measurement of the I-V characteristics at each pixel that 
the normal topograph is taken. This way, a current image (obtained from the three- 
dimensional data structure of I(V, x, y) can be created, in addition to the simultaneously 
acquired normal topographic map. The current image, thus represents a slice, at a given 
voltage, of the current as a function of the lateral x, y coordinates. The use of current 
imaging allows a more energy-resolved spectroscopy to be performed with spatial emphasis.
For example, studies performed by Hamers et al. [97], who obtained the first CITS images 
showing the (7x7) reconstruction of Si (111), have shown clearly that STM can image 
individual states, their distribution in space and their energy levels. At voltages between - 
0.15 V  and - 0.65 V, they found that most of the tunnelling current arises from the dangling 
bonds (Fig. 3.22 (a)), while the occupied state found at - 1.7 V is associated with the Si-Si 
backbonds, as illustrated in Fig. 3.22 (b).
Fig. 3.22 CITS images of occupied Si( 111)-7 ^ 7 surface states, (a) dangling bond state at 
-0.8 V; (b) backbond state at -1 .7  V [97].
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Our CITS experiments performed on a thin film of polycrystalline Au show maps of 
conductivity with regions of high (bright spots) and low conductivity (Fig. 3.23).
Fig. 3.23 STM (top picture) and the corresponding CITS (bottom picture) images recorded 
on Au, as explained in text. The scale bars are given in every case.
The tip-sample voltage used for acquiring the images shown in Fig. 3.23 is 100 mV and the 
tunnelling current 4 nA (a), 3 nA (b), 2 nA (c), 1 nA (d), respectively. The size of the 
scanned area is 50 nm x 50 nm, at a scan rate of 0.3 Hz in all cases. All the measurements 
were performed in air with a Pt-Ir mechanically cut tip.
The CITS measurements were performed as explained below, simultaneously with the 
topography for each sample. A scan line (128 points) for the topography is taken by 
rastering the tip across the sample. The tip is then moved back along the scan line and the 
tunnelling current is taken at each point along the topography scan line, as the sample 
voltage is ramped from -2 V to 2 V, while the feedback is shut off. Thus, in the end, 
tunnelling spectra are taken at every pixel position of the image, with a preset number of 
steps for the bias voltage scan. For example, by setting the image size to 128 x 128 pixels, 
and setting 128 steps of bias voltage scan in the range of -2.0 V to +2.0 V, 128 x 128 = 
16384 STS spectra taken from the surface will result. To display the result, 128 images, 
each being 128 x 128 pixels in size, will be created to illustrate the current images of the 
surface at each bias ramp.
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The CITS maps show the convolution between the topography and the electronic effects at 
the surface and give a good resemblence to the pure topographic data. However, no 
infonnation could be extiacted from the CITS images alone, as a higher resolution is 
required in the case of metals, due to the delocalized valence electrons. Unlike the 
semiconductors, where only valence and conduction bands contribute to tunnelling, for 
metals, s, p, d, f  or hybrid states will dominate the process. The delocalization results in 
lower corrugations obsei*ved on metallic surfaces (less than 0 . 0 1  nm), while for 
semiconductors are much larger (~ 0 . 1  nm), so a higher resolution is required for metals to 
obtain meaningful data.
3.3 Atomic Force Microscopy
The atomic force microscope (AFM) is the most common extension of STM, invented in 
1986 by Binnig et al. [98]. The principle is similar to some extent to that of STM, having 
the advantage that it can image both conductive and non-conductive surfaces. Here, the 
forces between the probe and the sample play an important role and both short and long- 
range interactions can be detected by AFM. AFM can also operate under various 
environmental conditions: ambient, gas atmosphere, UHV or with the sample immersed in 
a liquid. The AFM measures forces by converting them into deflections of a cantilever 
beam equipped with the probing tip at one end, according to Hooke’s law: F  = kàz , where 
k is the spring constant and Az, the deflection, which represents the corrugation of the 
sample surface [19].
Force
Repulsive 
force
Attractive 
force
intermittent contact
non-contactcontact 1 
■ - ..............
Tip-sample
separation
Fig. 3.24 Qualitative force-separation curve for the interaction between two atoms, 
showing also the corresponding operation regimes for AFM.
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The forces in AFM are governed by the interaction potential between atoms, see Fig. 3.24 
[61]. At relatively large separations (> 1 nm), van der Waals interactions lead to a negative 
interaction potential and thus, to attractive forces. The van der Waals forces increase in 
magnitude if the probe approaches the sample surface. However, when the probe is even 
closer to the surface and the electronic wave functions of the probe and sample start to 
overlap, short-range repulsive forces are introduced. Finally, just before contact, inter­
atomic interactions lead to an increased repulsion, while the overall long-range probe- 
sample interaction is still attractive.
The AFM can be operated in the repulsive force regime (commonly known as contact mode) 
or in the attractive force regime (non-contact mode). For contact mode, the cantilever 
deflection is maintained constant, i.e. a constant force. Because it is operated in the 
repulsive regime, the probe exerts a loading force on the sample surface. In order to keep 
this force constant, the probe has to follow the atomic corrugations of the sample.
The probe-sample interactions can be obtained from electrostatics if  the electronic wave 
functions of probe and sample are known (which is not trivial). Numerical approaches 
indicate that there ai'e two relevant contributions to the inter-atomic forces. A very short- 
range repulsive interaction with a sfrong distance dependence and a second contr ibution of 
longer range resulting from an attractive van der Waals force between the electron clouds 
of the probe and the sample.
When keeping the probe at least one nanometer from the sample surface only long-range 
interactions remain, which is the case of non-contact operated AFM. The relevant forces are 
in general given by the van der Waals interactions, so the information at the nanoscale gets 
completely lost in this mode.
This mode has however been used to demonstrate a number of novel measurements, such 
as magnetic and electrostatic imaging [19]. I f  an electrical potential is applied between 
probe and sample. Coulomb interactions provide an additional long-range contribution. 
This constitutes the basis for another SPM technique, namely Scanning Capacitance 
Microscopy (SCM). I f  the sample and the probe are made of feiTomagnetic materials, 
magnetostatic interactions will add to the existing interactions and will provide the basis for 
MFM. These techniques provide important information about the electrical or magnetic 
charge distribution at the sample surface.
Non-contact mode force microscopy is non-destructive but yields only a lateral resolution 
of the order of the probe-sample spacing. In contrast, contact-mode force microscopy has
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the potential of high spatial resolution but it also involves the potential for surface damage. 
A means to combine the positive aspects of both modes of operation is given if one 
oscillates the probe such that there is only an intermittent contact between probe and 
sample during each oscillation period. This represents another operating mode for AFM, 
the tapping mode. In this mode, the tip experiences the full variation of the probe-sample 
interaction shown in Fig. 3.24. The intensity of the intermittent contact can be controlled by 
appropriately setting the vibration amplitude of the cantilever, which is kept constant 
during scanning. More importantly, the energy transferred to the sample surface in tapping 
mode is much lower than in contact mode, which makes this mode more suitable for soft 
sample analysis (e.g. biological materials).
One of the problems occurring when performing AFM in air is the presence of a liquid 
contamination layer on the surface of the sample, giving rise to a liquid capillaiy between 
the probe and the sample [33], which will cause huge attractive interactions. As a 
consequence, the overall loading force exerted on the sample is greatly increased, limiting 
the lateral resolution and sometimes leading to sample surface damage. One method of 
avoiding the capillaiy formation is to operate the AFM under UHV conditions. The second 
possibility is immersing the cantilever and sample in a liquid.
However, the liquid meniscus has proved to be an advantage for a newly discovered 
technique; dip pen nanolithography (DPN) [34]. The water meniscus formed between the 
AFM tip coated by an organic “ink” and the substrate acts as a transport medium through 
which molecules are delivered onto a surface of interest. The AFM tip can then be used to 
write, as well as read, nano-scopic features on a surface. This direct-write technique offers 
high resolution patterning capabilities on a variety of substrates.
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4 Scanning Tunnelling Microscopy on 
Single-Walled Carbon Nanotubes
4.1 Overview
For nanodevice applications, special attention is given to Single-Walled CNTs (SWNTs) 
due to the one-dimensional nature of conduction within the tube. As discussed in the 
previous chapter, theoiy predicts that the wrapping angle of the C hexagons around the tube 
dictates the electronic properties of SWNTs. Earlier STM experiments [35, 36], most of 
them being performed under UHV and at low temperatures, have confirmed this relation 
between the structure and the electronic properties of SWNTs.
In this chapter we present UHV-STM and STS measurements peiformed at room 
temperature on SWNTs and bundles of SWNTs. We were able to obtain atomic resolution 
on individual nanotubes and bundles of nanotubes at room temperature, allowing for the 
identification of the nanotube chirality. In addition, current versus voltage was measured at 
specific sites along the tube by tunnelling spectroscopy, which provides a good measure of 
the local density of states, and van Hove singulaiities were observed at the onset of one­
dimensional energy bands, offering veiy good agreement with the stiuctural data. These 
experiments show that the electronic structure of the SWNTs is extremely sensitive to the 
nanotube diameter and chirality, as predicted by theoiy.
4.2 Experimental Details
SWNTs produced by arc-discharge and laser ablation were used in these experiments. The 
arc-discharge CNTs were provided to us by Krestinin [99] and they were grown using 
gi'aphite rods including Ni/Y as catalyst. Usually, in an as-produced raw material, SWNTs 
form side-by-side aggregates exliibiting a ribbon-like morphology, referred to as ropes or
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bundles [100]. These ribbons are highly entangled structures which include nanotubes, 
carbon and metal catalyst nanoparticles, all covered by amoi-phous carbon to different 
degrees. For STM work, pure tubes are of crucial importance, as the amorphous coating can 
hinder the appearance of the atomic resolution and thus making the chirality identification 
impossible. The tubes used in this study were purified by a process involving a multi-stage 
oxidation in air, followed by refluxing in HCl and the resulting purified material contained 
more than 83 wt % SWNT, with less than 0.05 wt % Ni/Y catalyst particles [99].
Along with the purification process, the nanotube aggregation grows significantly due to a 
veiy lai'ge tube-tube binding energy and they form even larger ribbons containing from 
several tens to a hundred of individual tubes. Sepaiating bundles into individual nanotubes 
is also veiy difficult due to their high surface energy. After tiying different solvents and 
long sonication times, the most effective solvent for de-bundling the nanotubes was found 
to be 1 , 2 -dichloroethan.
The laser ablation produced CNTs have a mean diameter of 1 . 2  nm and were grown using 
Co/Ni as catalyst (provided by Dr E. Borowiak-Palen). Acid treatment (30 hours refluxing 
at 400 K in 2M HNO3) was used for their purification, reducing considerably the amount of 
the catalyst particles (as shown by EDX) and amorphous material present in the raw 
material.
4.3 Structure Characterisation by Scanning Tunnelling 
Microscopy
The STM samples were then prepared by immersing the CNTs in 1 , 2 -  dichloroethan and 
ultrasonically agitating for about half an hour, after which a few drops of the solution were 
deposited on the Au substrates (prepared as shown in Chapter 3), left to diy and introduced 
in the UHV chamber. The base pressure was in the range (1 -  2) x 10'” mbar.
STM images were obtained by rastering the tip across the sample while maintaining a 
tunnelling current of 0.1 nA for a bias voltage of 0.1 V, thus recording tlie height variations 
of the tip at a 0.5 Hz scanning rate. STS was performed at selected locations on tlie sample 
by interrupting the feedback for 60 ps, during which an I(V) curve was taken with a preset 
number of points (usually 200 points), for the bias voltage scan (usually between -3 V  to 
+3 V). Wliile the feedback loop was off, the lateral scanning was also interrupted and the 
tip and the sample kept at a fixed distance. All STM tips used for these experiments were
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electrochemically etched W wire, prepared just before introducing them into the UHV 
chamber, following the procedure described in Chapter 3, Section 3.1.2.4.
The sample was initially checked using the SEM capability of our system. Once an 
interesting region was found, it was centered in the SEM image, then the STM tip brought 
into the center of the image and after that, the coarse approach of the tip started. During the 
coarse approach, the SEM beam is blanked as not to influence the tunnelling current 
detected by the electronics of the system that cannot distinguish where the electrons are 
coming from.
An SEM image of the arc-discharge grown CNTs is shown in Fig. 4.1 illustrating bundles 
of SWNTs.
Fig. 4.1 SEM images of big (a) and small (b) bundles of SWNTs grown by the arc- 
discharge method.
The STM tip is usually engaged in a region close to the edge of the bundle, where smaller 
bundles and individual tubes stick out and make their detection by the STM tip easier. The 
STM images obtained show filamentary structures with lengths in the micron range and 
diameters from 1 nm to 2 nm for individual nanotubes and up to (20 -  30) nm for ropes of 
nanotubes.
Atomically resolved images of SWNTs allow for the determination of the chiral angle, 0, 
and of the diameter, d, of the tube, which are linked to the structural indices («, m) of the 
tube by the following relations, derived using Rel. (2.1) and (2.2) in Section 2.1.1 of 
Chapter 2:
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Ttd 2  .n =  ÿ=sina V3
;r ^  T td  2 Q , —--------^  sin 6/v3 j  a p , (4.1)
The pair («, m) determines whether a SWNT will be a metal or a semiconductor. More 
precisely, a SWNTs is metallic if (n-w)/3 is an integer, and otherwise semiconducting, 
according to band structure calculations. Fig. 4.2 (a) shows atomically resolved images of 
two SWNTs, close to a CNT rope. The dark spots on the surface of the nanotube wall 
represent the centers of the hexagons of the nanotube lattice.
Fig. 4.2 STM images of arc-discharge SWNTs in constant current mode of two SWNTs (a). 
Vectors H  and T denote the direction of the nearest-neighbour hexagon rows and of the 
tube axis respectively; (b) and (c) zoom on the top and bottom tube respectively. C* 
represents the direction of the wrapping vector and a l the direction of the unit vector. The 
hexagons plotted on top highlight the underlying lattice of the tube.
There are several similar manners of determining the chirality of a nanotube from an STM 
image, depending on the angle that is measured on the surface of the tube.
i) One possibility is to measure the angle of the wrapping vector Ch, which is perpendicular 
to the tube axis, relative to the zig-zag direction {m = 0 ), specified by the unit vector a l, as 
shown in Fig. 4.2 (b). This is actually the chiral angle 0, as it was originally defined and 
shown in Chapter 2 of this thesis. A value of 27° for the tube on the left (referred to as tube 
1 from now on) and 26° for the tube on the right part of the image (referred to as tube 2 ) is 
obtained by measuring 0 .
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ii) Alternatively, one can measure the chiral angle, 9 , between the hexagon rows, which is 
perpendicular to the armchair direction (ji = ni), with the tube axis. This is shown 
schematically in Fig. 4.2 (a), where the two vectors, H and T form the angle 9 . It is easily 
seen in Fig. 2.1, Chapter 2, that the relation between 9  and 0 is 9  = 30°- 6 .
In order to avoid the contiibutions coming from the sides of the tubes, chirality is best 
measured on the structure visible on top of the tube, as the sides can be distorted due to the 
curvature of the tube, the tendency of the tunnelling current to follow the shortest path (as 
will be explained below) and also by a blunt and asymmetiic tip.
It follows that for angles greater than 15°, the angle between the zig-zag direction («, 0) and 
the tube axis should be measured and for angles smaller than 15°, the angle between the 
annchair direction (w, n) with the tube axis (which is actually equivalent to 0, see Fig. 2.1, 
Chapter 2) it is to be measured.
In this manner, the measured angles are restiicted to the structure at the top of the nanotube, 
minimizing the contributions from the side of the tube.
For tube 1 and tube 2, the measured values for 9  ai*e 4° and 5° respectively, resulting thus in 
26° and respectively 25° for the value of 0 for the two tubes, in slight disagreement with the 
measured values of 0 (27 and 26, respectively). A discrepancy of 1°, however does not 
change the metallic or semiconducting character of the tube, as shown by our calculations 
for this case.
To calculate the chiral indices of a nanotube, apart from the chiral angle, the diameter of the 
tube needs to be estimated also. The nanotube diameter can be extracted from the 
corresponding cross-sectional profiles of the STM image, a plot of which is shown in 
Fig. 4.3 for each corresponding tube of Fig. 4.2. The cross-sectional profile was obtained 
by averaging over multiple profiles extracted from individual line scans for each image 
(~ 2 0  profiles for each tube).
0.0 0.5 2.0 ZJ 3.0 3.5
X(nin)
2.0 3.0 3.3
X(nm)
Fig. 4.3 Line profiles along Cu plottedfor tubel of Fig. 4.2(b) (a) and tube 2 ofFig.2(c) (b).
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However, due to the finite size of the tip, the experimental values of the CNTs diameter, as 
determined from STM images, are always subject to the convolution between the tip shape 
and the sample, therefore careful consideration must be ensured for an accurate evaluation. 
Convolution effects arise from the geometry at the apex of the STM tip, being responsible 
for producing an apparent broadening of the nanotube, as illustrated in Fig. 4.4 below.
ZA
Fig. 4.4 Schematic of tip-sample convolution for a nanotube. The STM tip follows a 
constant LDOS surface of a cylinder of radius (R+h).
The apparent broadening, defined as the ratio between the half width of the profile and its 
height, has a value of 1.7 (0.7/0.4) for tube 1, and 1.6 (0.96/0.6) for tube 2. The values of 
the two diameters extracted from the line profiles are 1.39 nm for tube 1 and 1.94 nm for 
tube 2  and after the broadening correction, the resulting values are: 1 nm for tube 1 and 
1.3 nm for tube 2.
Having evaluated both the chiral angle and the diameter, a chiral vector Ch = ( 8 , 7) can be 
assigned to tube 1, and a Ch = (11, 8 ) to tube 2, using Rel. (4.1). The calculated chiral 
indices tentatively allocate a metallic character for the tube 1 and a semiconducting 
character for the tube 2. The structural indices («, m) may differ from the present calculated 
ones due to the errors introduced with the chiral angle and the nanotube diameter 
evaluation.
Even with the broadening correction, the diameter determination is not very robust as the 
apparent height profile is highly dependent on the imaging conditions (bias voltage, etc) 
and on the adsorption distance of the nanotube above the substrate, while the width of the 
profile contains the tip convolution effects.
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A simple phenomenological tunnelling model for deconvoluting the tip contribution to the 
image was proposed by Kim et al. [37] considering the existence of two tunnelling gaps, 
one between the tip and the nanotube and the second, between the nanotube and the Au 
surface [37]. They consider the SWNT to be a perfect cylinder of radius R on a Au surface 
and assume a spherical shape for the STM tip. Then, the tunnelling current for this model 
can be wiitten as:
I  = Ig exp(-^gZ) + /, exp(-/c, ^ jy^ -^ {z -R ^ ))  near SWNT (4.2)
I  = Ig Qxp{-k^d) as y (4.3)
Agand A, represent the inverse decay length on Au and on the CNT, respectively, d is the tip 
to gold distance and Ig, /, contain the electionic and geometric structure of both the tip and 
the CNT and are used as fitting parameters.
Following this model, the diameter of the two CNTs shown in Fig. 4.2 (b) and 4.2 (c) was 
estimated with a 0.05 nm uncertainty, using the cross-sectional profiles corresponding to 
each tube. The values obtained for kg -  2.238 eV and /c; = 2.162 eV, respectively were 
calculated using the following values for the work function: = 5.47 eV,
0CNT = 4.80 eV, 0w = 4.55 eV.
Because the cross-sectional profile for the tubes in Fig. 4.2 is not a half circle curve and 
displays a “tail effect” at the left hand side for both tubes, the diameter estimation is 
complicated even more. One explanation for the tail could be that it belongs to other tubes 
in the same rope, which are placed topographically lower than the two most visible ones. 
This does not explain, however why the stripes located at the left of each tube, displaying 
also atomic resolution, seem to have the same chirality as the corresponding tube at the 
right.
Another intuitive explanation for this shape is an asymmetric and probably broad tip, in 
which case, different tunnelling centres participate in the tunnelling current.
When the tip is right above the tube, the current flows perpendicularly between tlie tip and 
nanotube, and only the apex of the tip participates in tunnelling. When the tip moves aside 
the tube, but it is still veiy close to the tube, it is more likely that the side of the tip 
contributes to the tunnelling, rather than the tip apex. So, if  the side of the tip is closer to 
the tube than the apex is to the substrate, the tunnelling current will follow the shortest path, 
and in this case, the shortest path connects the tube with the side of the tip. Looking at the 
images in Fig. 4.2, it seems like the side of the tip still “sees” the tube while the apex of the
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tip has moved laterally aside the tube and this gives rise to the effect seen at the left of the 
two tubes. Ignoring the tail effect, by using the deconvolution model introduced by Kim et 
al. [3 7 ], the diameter determined for the tube 1 and tube 2  is in good agreement with the 
previous determined values for the two tubes.
The tendency of the tunnelling current to follow the shortest path, combined with the effect 
given by the curvature of the tip can complicate also the chirality determination from the 
STM recorded images. The way the chirality is affected by these will be discussed next.
When the tunnelling current follows the shortest path, an atom of the tube (see Fig. 4.4), 
having the coordinates (x', y') will be seen when the tip reached the (x, y) coordinates, 
where x = x' and y = y' (R+h)/R. So, the STM image will show a distorted lattice that can 
appear streched in the y direction. In the case of our two tubes, measuring the distances 
between centres of the hexagons reveals a lattice spacing which does not compare well with 
the value 0.24 nm for graphene, indicating a distorted lattice. Tube 1 reveals spacings in the 
range of 0.25 nm to 0.30 nm, while tube 2, in the range 0.27 nm to 0.30 nm. The fact that 
the distance is not constant along the tube in both cases can also be attributed to a non 
linear thermal drift during scanning.
Also an indication of a distorted lattice is the angle between the lattice vectors, as indicated 
by the FFT spectra shown in Fig. 4.5.
Fig. 4.5 FFT corresponding to each of the images presented in Fig. 4.2, for the two tubes 
(a) and for the individual tubes, (b) and (c), respectively.
The angles measured from the FFT of the two images (Fig. 4.5) are 50° for tube 1 and 61° 
for tube 2 , showing a deviation from 60°, which is normally the angle between the lattice 
vectors in the graphene lattice. A big deviation from 60°, as it is the angle for graphene, can 
also come from an incorrect calibration of the piezo, a tilt of the sample or thermal drift 
during scanning. The fact that there is only a small discrepancy (1°) for tube 2 indicates that
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the big deviation obtained for tube 1 should be related to a stretching of the lattice due to 
the curvature of the tube and to the higher probability for tunnelling electi ons to find the 
shortest path, as discussed earlier. The FFT in Fig. 4.5(a) shows different directions for the 
chiral vectors of the two tubes, indicating thus different chiralities, as measured by STM. 
Using the FFT provides thus another method of determining the chiral angle of a nanotube.
A theoretical study carried out by Meunier at al. [47], has used tight-binding calculations to 
show that the distortion induced when the STM tip follows a cylindrical shape of radius 
(R+h) (see Fig. 4.4), gives the following relation between the angle 0 determined 
experimentally (0 exp) and the real angle (0 ):
<^ exp = (1  +  ^ / ^ ) ^  (4 .4)
The above relation however does not take into account the finite dimension of the tip (I'tip). 
Considering what was said above, that an atom on the nanotube will be visible when the tip 
has the coordinates x = x' and y = y' (R+h)/R, the relation (4.4) is equivalent to squeezing 
the y coordinates to restore the correct angle. This relation can also provide an explanation 
as to why only the tube 1 displays a significant distortion compared to tube 2: It can be seen 
that when the tip to tube distance is much smaller than the tube radius, (h «  R), which 
corresponds to the situation r,ip ~ h (see Fig. 4.4), 0gxp equals 0 (0exp = 0), which means no 
considerable distortion, if any, as is the case with tube 2 .
I f  we also consider that the STM measurement was done in constant current mode, and that 
tube 1 is metallic and tube 2  semiconducting, as resulted from our earlier determination, in 
order to maintain the tunnelling current constant, the feedback loop has to bring the tip 
closer in the case of tube 2. A higher position of the tip with respect to tip 1 would thus 
account for the greater distortion obtained in this case.
To summarize, this section has introduced the results obtained on CNTs using UHV-STM  
at room temperature, discussing some of the issues associated with the chirality 
determination fr om the STM images. We have checked over 20 nanotubes in this sample 
and all the nanotubes found were chiral, none of the investigated ones were armchair or zig­
zag, which, of course does not exclude the possibility that they exist in the sample.
The next section will present some of the STS experiments on SWNTs and discuss aspects 
related to tlie interplay between the sti'ucture and electronic properties of CNTs, showing 
that the electionic structure is extremely sensitive to the nanotube diameter and chirality, as 
predicted by theoiy.
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4.4 Scanning Tunnelling Spectroscopy on SWNTs
In STS experiments, the current is recorded as a function of the bias applied to the sample 
and the obtained differential conductance (dl/dV) or, even better, the normalised 
differential conductance, (V/I)*(dI/dV), is proportional to the LDOS of the examined 
nanotube. Multiplying by (V/I) accounts for the voltage dependence of the tunnelling 
barrier at higher biases, as discussed in Sect. 3.2 of Chapter 3.
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Fig. 4.6 (a) STM image of a SWNT recorded at V = - 0.17 V and I  ^ 0.1 nA, and zoom on 
the central portion of the tube (b), showing also the direction of the lattice vector aj and of 
the chiral vector C* perpendicular to the tube axis. A few hexagons are overlaid to guide 
the eye. Comparison of DOS obtained by STS (top curve) and calculated DOS for a (9,8) 
tube (bottom curve) is shown in (c). The calculated DOS is shifted vertically towards lower 
values for clarity. The inset shows the differential conductivity as a function of the bias 
voltage. Calculated DOS for the next closest chiralities are included in (d) for comparison.
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Fig. 4.6 (c) shows an example of STS data recorded on the SWNT showed in (a), located 
adjacent to a bigger structure, possibly a MW NT or a bundle of two-three SWNTs, coated 
by amorphous carbon, as its detailed structure could not be resolved. The graph in the inset 
of Fig. 4.6 (c) displays the differential conductance, which contains sharp peaks, 
representing the theoretically predicted van Hove singularities (vHs), a cleai- signature of 
the LDOS spectia of a 1-D system.
The STS data were obtained at various locations on the tube and on the Au, with the curves 
recorded on Au appearing approximately linear, seldom displaying steps or kinks, which 
probably indicate not so clean regions of the substrate. Consistent behaviour is observed on 
most STS curves recorded along the tube, similar to the one shown in Fig. 4.6 (c). The 
curves show low conductance at low bias and asymmetric peaks as the voltage increases, 
peaks which correspond to the vHs at the onsets of the one-dimensional energy bands of the 
CNT.
The diameter and chirality of the tube shown in Fig. 4.6 (a) and 4.6 (b) are determined 
following the methods described in the previous section. The best description for this tube 
is given by the chiral indices (9, 8 ), calculated using (1.15 ±0.10) nm for the diameter and 
(28 ± 1)° for the chiral angle. An (9, 8 ) tube is expected to be semiconducting, as the ratio 
(9-8)/3 is not an integer.
The calculated DOS for a tube having chiral indices (9, 8 ) is included in the graph in 
Fig. 4.6 (c) for comparison with the experimental DOS. The DOS was calculated using 
density-functional theory (DFT) with the local-density approximation (LDA) and made 
available by Akai and Saito [101], as all the calculated DOS used for comparison in this 
section.
The LDA DOS has high accuracy in predicting the relative positions of peaks and peak 
shapes both for valence-band and the conduction-band region, while the value of the 
fundamental gap of semiconductors and insulators is known to be underestimated in the 
LDA [102, 103]. The calculated DOS also displays a series of sharp peaks associated to the 
vHs, reflecting the one-dimensional character of CNTs.
It can be seen that the overall shape of the experimental DOS resemble well the calculated 
DOS for a (9, 8 ) tube, except for one additional peak appearing in the valence band, at 
~ 0.8 eV of the experimental set of data. This peak could be a result of the electronic 
structure of the STM tip, as it was shown by simulations that this can introduce additional 
stmctures in the DOS, when taken into account [61]. This happens because the differential
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conductance is routinely regarded as proportional to the density of states, which is actually 
only valid within an s-wave model for the tip, as Tersoff and Hamann showed [19]. In the 
frame of this model, the DOS of the tip is considered constant and so, the differential 
conductance is indeed proportional to the DOS of the sample (as shown in Chapter 3, 
Sect. 3.2).
It was shown, however that this model does not provide a veiy reliable picture when tips 
made from transition metals are used for STM. For the case of transition metal tips, small 
clusters tend to form at the tip surface, giving rise to localized d-states [61], which 
complicates the current picture. The convolution with the electronic stiucture of the tip 
could thus be responsible for the broadened and higher peaks observed in the experimental 
DOS as compared to the theoretical case (Fig. 4.6 c).
The broadening of the peaks can also be attributed to the hybridization effects between the 
nanotube molecular orbitals and the Au atomic orbitals, [35] or to cuiwature induced 
hybridization that could give rise to band repulsion.
Ab initio calculations show that the effect of curvature-induced hybridisation is much 
higher for tu* / o *  orbitals than for te/ g , s o  bands above the Fermi energy are thus more 
affected, resulting in more observed deviations for empty states than for the filled ones [37] 
compared to the STS detennined DOS. Earlier STS measurements on SWNTs have indeed 
reported larger deviations from the calculated DOS of SWNTs for the conduction band 
[44].
In our case, however, it seems that a more pronounced inconsistency is obseiwed for the 
filled rather than for the empty states, with respect to the calculated DOS. This is probably 
due to the fact that we have used a negative bias voltage for this sample, which means that 
the tunnelling was realized from the sample into the tip. Tunnelling from the sample to the 
tip is much more sensitive to the electronic stmcture of the tip’s empty states, which often 
prevents detailed specti oscopic STM studies of the occupied states of the sample [104].
The positions of some of the peaks in the LDOS spectra also differ slightly with respect to 
the calculated DOS, which can be understood in terms of the bonding-antibonding splitting 
resulting from the hybridization of the moleculai* orbitals of the nanotube with the gold 
orbitals.
In addition, the sensitivity of the DOS to the (9, 8 ) indices was investigated, as the accuracy 
in determination of the diameter and the chiral angle, although high, can make possible to 
assign other pair indices to the cui'rent SWNT. So, the next closest chiralities have been
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considered and the calculated DOS included for comparison. It can be seen that very subtle 
changes in diameter (from 1 nm to 2 nm) and chiral angle (27°, 28°, 29°) malce obvious 
changes in the DOS spectia.
All the calculated DOS for the chiral pairs indicated in Fig. 4.6 (d), ((9, 7), (10, 8 ), (10, 9), 
(9, 9), (8 , 8 )) show significant deviations from the experimental DOS peaks, validating thus 
the assignment of the (9, 8 ) indices to our SWNT.
As mentioned eai'lier, it is expected that a (9, 8 ) SWNT is semiconducting. The presence of 
a small finite DOS within the gap, observed in the normalized conductance spectra for this 
tube, could be possibly attributed to band bending induced by the tip states or residual 
tunnelling coming from the Au substrate through the tube. Doping by charge transfer from 
the substrate is also possible considering the difference between the work function of Au 
(~ 5 eV - 5.3 eV) and the one of the CNT (graphite) (~ 4.5 eV - 4.7 eV). This would 
however shift the Fermi energy towards the valence band by ~ (0.2 - 0.3) eV, due to the 
charge transfer inducing a local electi’ostatic potential peiturbation on the nanotube side, as 
observed in other STS experiments on CNTs [35].
This situation was modelled theoretically by Xue et al. [105]. They discuss the case of tlie 
charge transfer at the interface between a metal and a nanotube and point out that the 
position of the band structure of the CNT relative to the Feiini level of the metal is 
determined by tlie induced interfacial field. For a conventional metal-semiconductor 
interface, the metal Fermi level should align with the charge neutiality level in the 
semiconductor due to the tails of the metal wave functions decaying into the 
semiconductor, which gives rise to a continuum of gap states around Fermi energy at the 
semiconductor side of the metal-semiconductor interface.
In the case of an interface formed between a CNT and a metal, the coupling to the substi ate 
is weak and the metal wave function decays across a significant separation, so the metal 
induced gap states provide only relatively weak screening. As a result, when measuring the 
dl/dV in an STM experiment, the transport appears perpendicularly to the nanotube and the 
chai acteristic length scale is of the order of nanometers (the tube diameter), which can be 
comparable to the range of the interfacial perturbation. In this case, the detailed potential 
variations will be important in determining the STS current-voltage characteristics, as the 
local electrostatic potential perturbation gives rise to the observed Fermi-level shift in the 
STM experiments. We do not observe a shift of the Fermi level for the investigated SWNT 
and the semiconducting gap seems to be symmetrically positioned around the Fermi level.
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I f  a weakly bound nanotube to the substiate is responsible for the observed Fermi level 
shift, conversely, it can be assumed that, if  the coupling across the interface is strong, the 
All wave function will penetrate deeper into the nanotube. It should thus be expected that 
the metallic screening by the metal induced gap states will tend to line up the Au Fermi 
level with the chai'ge neutrality level of the SWNT, which might be our case.
Having not enough information on the detailed contact condition of our investigated 
SWNT, we can only assume that a strong contact might be the case. The adhesion forces 
caused by the van der Waals interaction between the Au and the nanotube might be strong 
enough to lock the tube sti'ongly to the substrate.
It can also happen that due to defects at the interface, if  the density of surface states within 
the gap is high enough, then the Fermi level will be left unchanged. This is because the 
Fermi level does not depend on the doping density when the density of surface states within 
the gap is high enough, because additional elections will be adsorbed by the surface states, 
resulting in Feraii level pinning [106, 107].
Determining the value of the gap is complicated by the broadening effect of the vHs peaks 
discussed previously in this section. From the dl/dV spectra, considering the gap the energy 
difference between the first two maxima in Fig. 4.6 (c), we can estimate it at a value of 
~ (0.62 ± 0.05) eV. This value agrees well with the values expected for semiconducting 
SWNTs (0.4 - 0.6 eV) reported in the literature [35]. Moreover, it shows good agreement 
with the value extiacted from the calculated DOS specti um for a (9, 8 ) tube of a 0.6 eV.
As predicted by theory and cited in Chapter 2, the dependence of the semiconducting gap 
on the diameter should follow the relation:
^ gap ~ '^7o^c-c  ^^  ’ (4-5)
where, yo is the C-C tight-binding overlap energy, ac-c the nearest neighbour C-C distance 
and d the tube diameter. This relation can also provide an accurate way for determining the 
diameter of the nanotube.
Having detennined the gap value at 0.6 eV, considering yo = 2.5 eV [108] (assuming an 
equal value with the one suggested for graphene) and the C-C distance ac-c = 0.14 nm, the 
tube diameter can be calculated. The value so obtained d ~  (1.17 ± 0.10) nm, validates the 
diameter value assigned to this SWNT by the methods described and used earlier 
(1.15 nm± 0.10 nm).
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5 Scanning Tunnelling Microscopy on 
Double-Walled Carbon Nanotubes
5.1 Introduction
Wliile studies of SWNTs and also MWNTs are being carried out by various groups, to fully 
elucidate the electronic properties of these systems it is necessaiy to investigate the 
electronic and stiuctural properties as a function of the precise number of walls. This is in 
order to examine the tiansitions that occur in the DOS when moving from an ideal ID  
quantum wire to a more diffused electronic system. The electronic properties of SWNTs are 
better understood than these of MWNTs, and they are also easier to theoretically simulate 
and understand using modern high performance computing.
Some experiments canied out on MWNTs show evidence that for low bias tiansport in 
these systems is predominantly governed by the outermost shell, while for high bias the 
current is carried by a combination of outer and inner shells [109, 110]. Other experimental 
results indicate the presence of ballistic transport in individual MWNTs [111]. The 
conductance due to intertube tiansfer was measured in telescopic MWNTs obtained and 
monitored using a system of nanomanipulator piezo drives within a Transmission Electi on 
Microscope (TEM) [112]. These results showed that the resistance between the ends of a 
multiwall carbon nanotube during telescopic extension of the nanotube increases 
monotonically with extension, demonstrating that a telescoping nanotube constitutes a near­
ideal nanometer-scale rheostat.
Theoretical calculations on the transport properties in MWNTs show a small intertube 
transfer component owing to the difference between the crystal momentum or k vector of 
the inner and outer shells [113], while other studies report laige conductance oscillations 
[114].
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However, it is still unclear as to whether there is a definite relationship between the 
intershell coupling, the helicity of the constituent tubes and the electronic properties of 
these systems. In this respect, DWNTs are the easiest system to work with, both 
experimentally and theoretically, as it only contains two constituent shells, and based on the 
interaction observed conclusions can be more easily drawn as to the cause of the observed 
results. A system containing only two layers should be simpler to model theoretically than a 
multi-layer system as it can be obtained by adding an outer layer to a SWNT. Therefore, 
correlations between the two layers can be studied in more detail and then applied to 
systems containing multiple layers.
We have performed UHTV-STM/STS experiments on DWNTs synthesized by the arc 
discharge method and purified these tubes by refluxing in the acid, HNO 3 . The purpose of 
this study is to claiify whether the overall electionic stiucture is dependent on the 
interaction between the inner and outer layers or it is only dependent on the chirality pairs 
as was previously suggested [115]. For some DWNTs the density of states was calculated 
and a weak effect of the intertube transfer neai' the Fermi energy was reported. The 
normalized tunnelling conductance (V/I(dI/dV)) as measured in our STM/STS experiments 
gives us direct access to the electronic level structure of the nanotube (the local density of 
states) and thus a measure of interacting potentials for modifications of the local DOS.
5.2 Experimental Details
5.2.1 Synthesis and Purification of Double Walled Carbon Nanotubes
Initially considered a by-product obtained during the growth of SWNTs, DWNTs are now 
obtained with high yield using CVD and arc-discharge methods. These techniques usually 
lead to a mixture of SWNTs, DWNTs and wider tubes, displaying a broad range of 
diameters and the samples contain catalyst particles and tiaces of amorphous carbon. A  
method proposed by Bandow et al. [116] involving annealing of peapod sti'uctures (Qo 
fiillerenes encapsulated within SWNT) also leads to DWNTs synthesis with a more uniform 
distribution in diameter, providing a uniform diameter of the starting SWNT material which 
is easier to contiol.
As stated earlier in this manuscript, pure tubes, free from amorphous carbon coatings 
almost always resulted during the growth process, are crucial for STM experiments in order 
to obtain the atomic resolution required for a complete characterization of the tubes.
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A few purification methods are reported in the literature, most of them involving acid 
refluxing, followed by oxidation in air. We have followed the method described by Costa et 
al. [117] to purify the DWNTs. DWNTs were gi'own by the aic-discharge method in an Ar 
atmosphere, using graphite rods packed with Fe:Co:Ni:S catalyst mixture and made 
available by Y. Hayashi [118]. The nanotube material was first refluxed for 40 hours in 2 M  
HNO3 , at 150 °C, then washed with deionised water and filtered using a micro-syringe and 
Wliatman filter (polycarbonate filter with 0.2 pm pore size). After drying, the tubes were 
refluxed again, for 45 mins, using 2M HCl, at 150 °C. The reflux was followed by a large 
number of washing cycles with deionised water, after which it was filtered and allowed to 
diy. As a final step, the resulting material was oxidized in air, for one hour at 300 °C.
After the purification procedure, the mass of the product was found to decrease to 
approximately half the value of the initial mass. The weight loss is mainly attributed to the 
removal of the catalyst particles from the raw sample, as a result of the acid refluxing, 
which is known to open the caps of the nanotubes.
5.2.2 Structural Characterization
TEM was used to assess the quality of the samples. Specimens for TEM were prepared on 
lacey C giids, after dispersing the purified material in ethanol (99.99 % purity) using an 
ultrasonic bath. The suspension was drop cast on the grid and allowed to dry in air, after 
which a 200 kV Philips CM200 TEM (LaBg source) fitted with a Gatan Imaging Filter 
(GIF2000) was subsequently used to investigate the DWNT sample. The current density 
was ~75 A/cm^, and the microscope was calibrated immediately prior to the irradiation 
experiment. Changes in the microscope lenses were kept to a minimum when switching to 
the nanotubes. Calibration was checked against the graphite 002, resulting in a 
measurement error of ±  0.05 A.
SWNTs, as well as some tubes containing 3 or 4 layers were occasionally found in the 
purified material, which was observed to contain mostly DWNTs (> 95 %), and in some 
cases, amorphous carbon and catalyst particles. The amorphous carbon was probably not 
always effectively removed, given the low oxidizing temperature (300 °C) used for the final 
purification step. Higher temperatures, usually exceeding 350 °C, although more effective 
in burning the amorphous carbon, can partially or totally destroy the nanotubes, subject to 
the nature and purity of tlie CNTs and to the presence of defects on the tubes. TEM images 
are presented in Fig. 5.1 (a) and (b).
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Both TEM and STM on the purified DWNTs seem to indicate some distortions of the 
DWNTs in the form of bends present with angles of about 30° to 90°.
The DWNTs occurred as bundles of two-three to tens of nanotubes, as well as larger 
bundles, and more rarely as individual DWNTs, owing to the purification process which, by 
removing some of the amorphous carbon, allows the tubes to effectively stick together in 
bundles due to the increased surface energy.
TEM also showed evidence of opened end tubes, most of the times showing C fragments at 
the end and an asymmetrical shape at the tip.The asymmetrical shape of the opened ends of 
the purified DWNTs was also evidenced by the STM measurements (Fig. 5.1 (c)).
.1.1 nm
Fig. 5.1 TEM images of DWNTs (a) and (b), also showing single-(a) and triple-walled CNT 
(b), STM image of an isolated DWNT showing an opened end covered by amorphous 
carbon (c).
Both the inner and the outer diameters were estimated from the TEM images. The inner 
diameters vary from 1.6 nm to 2.3 nm, and, the outer ones from 1.9 nm to 2.6 nm, with a 
wall spacing ranging from 0.30 nm to 0.54 nm.
75
Scanning Tunnelling Microscopy on Double-Walled Carbon Nanotubes
However detailed the information obtained by TEM, a direct identification of the chiral 
indices from these images is impossible.
Recently, the chirality assignment of the DWNTs was performed by other groups using 
Raman spectroscopy [119] or election diffiaction. While Raman spectroscopy is not 
appropriate for tubes larger than 2.5 nm, the use of selected ai'ea election diffraction 
(SAED) to assign the chiralities of DWNTs was used successfully by Kodak et al. [120]. A  
recent report of Zuo et al. showed that it is possible to determine the chiralities and 
reconstmct the image of a DW NT from the experimental nano-area electron diffraction 
(NAED) pattern of the tube with a resolution of 1 Â [121].
None of the above methods however allow for the correlation of the electronic properties of 
the tubes to the deteimined chirality of the DWNTs, as made possible by STM. Despite the 
great success of STM in probing both the stiucture and the electionic properties of SWNTs, 
there are no reported STM/STS studies linking the chiral indices of the inner shells to the 
ti ansport properties of the MWNTs. This is because the STM will only resolve the chirality 
of the outermost shell.
The only study found in the literature presenting measurements of the transport properties 
in combination with the determination of the sti ucture (chiral indices, length and number of 
shells) of isolated CNTs was performed by Kodak et al. [120]. They performed in-situ 
transport measurements in a TEM on individual DWNTs, using piezoceramic controllers 
mounted on the TEM sample holder and simultaneously SAED to determine the chiral 
indices of the two constituent tubes. They observed the case of a DW NT showing Ohmic 
behaviour at room temperature, despite the fact that the two constituent tubes are both 
semiconductors
Our STM/STS combined measurements encountered a few cases where the outer shell, 
although predicted semiconducting by the chiral indices, shows a finite density of states at 
the Fermi level. These measurements will be presented next.
5.3 STM/STS Experiments on Double Walled Carbon Nanotubes
For STM experiments, a suspension of DWNTs was prepared by sonication in 1,2- 
dichloroethane for approximately 15 minutes and then drop cast on Au substrates prepared 
as described in Chapter 3. The sample was left in the fast entiy lock of the system prior to 
intioducing it into the STM chamber and pumped overnight to allow for the specimen to
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outgas. The base pressure in the STM chamber did not exceed (2 -  3) x 10'" mbar during 
the entire set of STM experiments.
Typical scanning conditions used with this sample were 0.1 nA for the tunnelling current 
and a positive (unless otherwise specified) bias for the sample of (0.1 - 0.3) V. The STS 
measurements were performed by interrupting the scanning and the feedback at preset 
locations and recording the current variations during the voltage ramp (usually between 
- 3 V and + 3 V).
Prior to STM measurements, SEM was used to select a region showing bundles of DWNTs, 
and the STM tip was then brought using the coarse approach in to the SEM field of view, as 
shown in Fig. 5.2.
. LtO
Fig. 5.2 SEM images of bundles of DWNTs on Au (a), and with the STM tip at tunnelling 
distance from a bundle (b)
5.4 Results and Discussion
5.4.1 Structural analysis based on Scanning Tunnelling Microscopy
The STM images generally revealed bundles of DWNTs as shown in (Fig. 5.3 (a) and (b)) 
and occasionally individual tubes. It can be seen again in Fig. 5.3 (a) that some of the tubes 
present opened ends, as indicated by arrows on the image.
Some of these tubes have been studied in detail and some typical examples will be 
discussed.
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Fig. 5.3 Derivative of the STM images showing bundles of DWNTs. The derivative was 
preferred instead of the raw image, as it shows better contrast and enhanced edges.
Atomic resolution was obtained on some of the investigated DWNTs, as illustrated in Fig. 
5.4, which also shows its FFT image, together with a zoomed image on the central part of 
the tube, showing the C honeycomb lattice.
Fig. 5.4 STM image showing atomic resolution of a DWNT on top of a bundle (a), FFT  
taken on a rectangular area ( 8  x 5 nm') on the central part of the DWNT (b) and Fourier 
filtered image of a zoomed region of the DWNT (1.9 ^1.9 nrr?) (c).
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The images in Fig. 5.4 show the typical lattice of C hexagons, with the dark areas being the 
centre of the hexagons. The distance between the neighbouring centies of the hexagons is 
~ 0.25 nm ± 0.01 nm and the spacing between any two adjacent vertices, the C-C bond 
length, is ~ 0.15 nm ± 0.01 nm. Both these values compare well with the known values for 
graphite.
The hexagons appear slightly distorted at some locations (more visible in Fig. 5.4(c)), 
owing probably to a non-linear thermal drift during scanning, van der Waals interactions 
between the tubes in a bundle could be responsible for inducing a certain degree of stress 
because of the tubes being packed within the bundle with the condition of minimizing the 
conformational ener^. As a result, some tubes may appear twisted within the bundle and 
this could lead to local distortions of these tubes or others located on top or next to them. 
By carefully examining the tube in Fig. 5.4(a), one can obsei-ve that the central region of 
this tube lies slightly higher topographically than the remainder, probably due to the aspects 
discussed above or because it is following the contours of substrate features.
A more interesting aspect is noticed when looking at different atomic sites on the image in 
Fig. 5.4(c), where it is found that some of these atoms appear brighter (more proti'uding) 
than others, which appear darker (more depressed). This feature reminds one of the non- 
equivalence between the A-site and B-site atoms observed on HOPG and explained in 
Chapter 3, Sec 3.1.2.3. In this section, the effect of the atomic stacking nature of giaphite 
on the different symmetries obseiwed in the STM images was discussed and it was stated 
that some earlier experiments have evidenced that only the B atoms are visible or they 
appear brighter than the A atoms in the STM images on HOPG.
In the case of HOPG, one of the models used to explain this effect is attributed to the 
asymmetiy of the interlayer interactions, which cause an energy dispersion of almost 1 eV 
along the chains of A atoms normal to the layers. The negligible interlayer interaction along 
the analogous chains of B atoms yields no such dispersion [122]. So, it is expected that the 
B sites (with no neighbours in the adjacent layer below) to be more visible than the A sites, 
as they display a higher DOS than the A sites. The A sites are believed to have the lower 
DOS due to the hybridization with atoms located directly in the layer underneath.
Given the similarity with HOPG, the difference in brightness between atomic sites on the 
present nanotube could be a consequence of the spatial variations in the LDOS due to the 
inter-wall interaction and the atoms showing this to have an atom belonging to the inner 
tube located directly below them. The fact that not all C hexagons on the tube display the
79
Scanning Tunnelling Microscopy on Double-Walled Carbon Nanotubes
difference in brightness of all three of their atoms is consistent with a different chirality for 
the two constituent shells of the DW NT and it shows which atoms on the outer shell have 
an atom of the inner shell exactly underneath.
Moreover, looking at the hexagonal pattern that the SWNT exliibits (shown in Chapter 4, 
Section 4.1.2), there is no observable asymmetry between the atomic sites in this case as all 
the atoms appear to protrude equally. This remark also supports the assumption that an 
interwall interaction would be responsible for the observed difference in brightness. To 
verify whether this effect correlates to some extent to the difference in the LDOS at 
different sites along the tube, we have performed STS experiments and these measurements 
will be presented in the next section.
The resolved atomic structure of this nanotube allows for its chirality determination. As 
shown in the previous chapters, to detennine the chirality of a nanotube, both the diameter 
and the chiral angle are needed. The chiral angle measures 21° and was determined as 
explained in Section 4.3 of Chapter 4 and shown here on Fig. 5.4 (a) as the angle between 
the tube axis and the armchair direction.
A value of 1.98 nm was found for the nanotube diameter, as derived from a cross-sectional 
profile taken across the tube based on the STM scan, and confirmed by TEM  
measurements. With these values, the chiral indices (18, 10) are determined making use of 
equations (2.1) and (2.2) introduced in Chapter 2. These chiral values are those expected for 
a tube that should porti'ay semiconducing characteristics.
5.4.2 Electronic structure as derived from STS
To investigate how the observed stiuctural aspects correlate to the electronic structure in 
this case, we have performed STS by recording current-voltage curves at preset locations 
along the tube. A number of 25 curves have been recorded and the typical normalised 
differential conductance (Fig. 5.5) obtained after numerical differentiation, which is a 
measure of the LDOS as explained earlier in this report.
The obtained normalized differential conductance displays the familiar van Hove 
singulai’ities, typical to the 1-D systems, displaying no noticeable shift of the Fermi level as 
usually reported in the literature due to the interaction with the substrate. Also included in 
the graph are the calculated DOS for the (18, 10) and for the next closest chiralities 
(17, 11), (17, 12), (18, 11) and (19, 10).
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Fig. 5.5 Experimental DOS of the DWNT with a (18,10) chirality for the outer shell (top 
spectrum) and calculated DOS for (17, 11), (17, 12), (18, 11) and (19, 10). DOS spech'a 
are shifted vertically for clarity, (b) The image highlights the peaks in the experimental 
DOS spectra which could not be assigned to a corresponding peak in the calculated (18, 
10).
The calculations performed using the density-functional theory with local-density 
approximation were made available by Akai and Saito [101].
Out of all the calculated spectra it can be seen that the tunnelling spectra for (18, 10) and 
(17, 11) show the closest resemblance to our experimental DOS, except for some additional 
peaks whose origin w ill be discussed later in this chapter. However, after a very careful 
analysis of many DOS spectra acquired at about 25 different locations on the tube, we 
conclude that most curves seem to match closer the (18, 1 0 ) calculated spectra rather than 
the (17, 11), the fact supported also by the chirality assigned by the determined diameter 
and the chiral angle from the atomically resolved pattern in the STM image.
What must be highlighted is that absolutely all the investigated nonnalized differential 
conductance curves display a non-zero DOS at the Fenni level, which is not consistent with 
a semiconducting tube, as a SWNT with (18, 10) chirality would be.
This result is in accordance with other previous studies showing that DWNTs, and more 
generally, MWNTs which show metallic behaviour. The presence of a non-zero DOS at the 
Fermi level suggests that the inner tube might have an effect on the electronic properties of 
the DW NT system, as also evidenced by the observed difference in brightness for some of 
the constituent C atoms.
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To get a better idea about the effect the inner tube might exert on the electronic properties 
of the whole system, the analysis of the I-V  curves recorded along this tube is presented 
next. A detailed analysis of the experimental tunnelling spectra reveals the peaks 
corresponding to the van Hove singulai’ities of a (18, 10) tube, but some extra peaks can be 
identified and they are indicated by the dotted lines in Fig. 5.5 (b). A possible explanation 
for the existence of these extra peaks could be that they are due to the interlayer interaction 
between the two constituent tubes or simply due to the inner tube itself in accordance to a 
theoretical study carried out on DWNTs by Saito et al. [123]. Their study examined the 
electronic stiucture of various combinations of metallic and semiconducting constituent 
inner and outer layers, associated to different diameter and chirality of the tubes. They 
considered the case of commensurate metallic-metallic DWNTs and incommensurate 
metallic-semiconducting DWNTs and predicted the electionic structure accordingly.
A DW NT is called commensurate if  the ratio between the unit cell lengths along the tube of 
the two constituent shells is a rational number and incommensurate if  this ratio is irrational.
For most large diameter nanotubes, as is our case, two adjacent tubes are generally 
expected to be incommensurate.
The conclusion of this study was that when the interlayer interaction between the double 
layers is not considered, the energy dispersion relations are just the overlay of the energy 
dispersion relations of the unperturbed inner and outer tubes. Additionally, when the 
interlayer interaction is considered, for the case of commensurate DWNTs consisting of 
two concentiic metallic-metallic tubes, the DWNTs are predicted to be metallic.
They also studied tlie case of DWNTs containing a semiconducting and a metallic tube 
[123], which is more interesting for applications of these materials since they can be 
considered as molecular conducting wires covered by an insulator or capacitors for 
electronic devices. In this case, the detailed energy dispersion relations seem to be affected 
by the interlayer interaction, showing anti-crossing of energy bands and splitting of the 
energy bands for the inner and outer tubes. But, the combination inner-outer tube retains the j
basic electionic properties of each constituent. The energy bands near the Fenni energy ;
originate from the metallic tubes and all the energy bands of the metallic tubes are |
nondegenerate with those of the semiconducting tubes. This is because two j
incommensurate tubes aie expected to have only 2 % rotational symmetry along the chiral '
vectors which are both peipendicular to the nanotube axis. Thus, the energy bands of the 
inner tubule aie not degenerate with those of the outer tubule. Therefore, the electronic 
properties of an incommensurate DW NT can be considered to be the sum of the electronic
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structui*es of two independent nanotubes, except for some small modifications due to a 
weak interlayer interaction.
In our case, the outer tube seems to be semiconducting. By obseiwing the difference in radii 
between the inner and outer tubes obtained using the estimations from the TEM  
measurements, we can estimate the radius of the inner tube. From the TEM measurements, 
an interlayer spacing between 0.30 nm and 0.53 nm was obtained, which subtracted out of 
the 1.98 nm suggests that the inner tube diameter should be in the range 0.92 nm to 
1.38 nm. In this range of diameters there aie 40 possible chiralities, with 14 metallic and 
the rest semiconducting tubes.
As it was recently shown by HRTEM combined with Election Diffraction (ED) 
experiments on DWNTs, no correlation in the chiral angle between the inner and outer 
tubes exists [124]. Therefore, there is no way to eliminate some of the chiralities based on 
structural considerations.
We can reduce the number of possible chiralities taking into account electronic effects and 
referring again to the work Saito et al. cairied out on DWNTs [123]. Another conclusion of 
their study was that for metallic-metallic tubes, the energy bands of the bonding and 
antibonding bands are degenerate at E = 0. To open an energy gap at the degenerate points 
by the interlayer interaction, it is necessary to have a non-vanishing mati'ix element 
between the two energy bands. Since the interlayer interaction couples the energy bands for 
the inner and outer tubes, tlie mati'ix elements should contain at least second order terms in 
the perturbation. Therefore, the lifting of the degeneracy is generally small even if  there are 
non-vanishing matrix elements between the two degenerate energy bands. Thus, the 
interlayer interaction does not act to open an energy gap and for the same reason, 
semiconducting-semiconducting tubes do not become metallic by introducing the interlayer 
interaction.
In other words, based on the comments of Saito et al. [123], two semiconducting tubes 
cannot account for the non-zero DOS at the Fermi level we observe for the present DWNT.
Some in-situ transport measurements in a TEM, which also made possible the 
determination of the chiral indices for the inner and outer tube report, the case of a 
semiconducting-semiconducting tube showing a finite DOS at the Fermi level [120]. They 
conclude that although more theoretical work would clarify this point, doping due to charge 
transport from the elechodes is more likely to explain their result.
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In accordance to the theoretical work of Saito [123], having the outer layer of our DWNT 
semiconducting, an interlayer interaction evidenced by the difference in brightness of C 
atoms and a finite DOS at the Fermi level, the featured DWNT can only contain a metallic 
inner tube, which reduces the number of possible chiralities for the inner tube to 14. Table 1 
below presents the possible calculated chiral indices in the above mentioned range of 
interest for the inner diameter.
After careful comparison with the calculated spectra for the tubes listed in Table 1, we 
believe that the chirality pairs (11, 5) and (12, 3) provide the best match to our experimental 
data, as the constituent peaks of these spectra could account for most of the extra peaks 
obsei"ved in the STS spectra on our DWNT.
Table 1 Possible chiral indices (n, m) of metallic nanotubes having the diameter between 
0.9 nm and 1.30 nm.
11 m diameter (nm) chiral angle ( “ )
7 7 0.96 30
8 8 1 .1 30
9 6 1.03 23.4
9 9 1.23 30
1 0 4 0.99 16.1
1 0 7 1.17 24.1
1 1 2 0.96 8 . 2
1 1 5 1 . 1 2 17.8
1 2 3 1.09 10.9
1 2 6 1.26 19.1
13 1 1.07 3.7
13 4 1 . 2 2 13
14 2 1 . 2 0 6 . 6
15 0 1.19 0
Fig. 5.6 shows the calculated and the experimental tunnelling spectra for the (18, 10) 
chirality corresponding to the outer tube, together with the calculated spectra for (11, 5) and 
(12, 3), indicating the peaks assumed to belong to the inner tube by dotted lines.
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Fig. 5.6 Experimental and calculated DOS for (18, 10) corresponding to the outer tube and 
calculated DOS for two possible chiralities for the inner tube, (12, 3) and (11,5).
The diameters and chiral angles necessary to obtain the above specified chiral pairs are 
1.09 nm and 11° for (12, 3) and 1,13 nm and 18° for (11, 5) and they correspond to an 
interlayer spacing of 0.45 nm for (12, 3) and 0.43 nm for (11, 5) respectively.
As expected, this DW NT is of incommensurate type regardless which one of the two 
possible chiralities for the inner tube is considered, as the calculated ratios of the unit cell 
length for the outer to inner tube are irrational. The length of the unit cell of a nanotube, T, 
was determined using the following relationship reproduced from [1 2 ]:
T = ■J3ado ^rP' +nm + m^ (5.1)
where; dj^  = gcd(2 w + m,2m + n) 
a = length of unit vector = 1 .44 A, 
gcd = greatest common divisor, and, 
n, m = the chiral indices of the nanotube.
The following values aie obtained using Eq (5.1) to fît for T:
T (1 8 ,11) / T(11, 5) = 2.98 nm /  1.15 nm = 2.59, and,
T(18, 11) / T(12, 3) = 2.98 nm / 0.38 = 7.84.
The incommensurate DWNTs are similar to turbostratic graphite, meaning that the 
neighbouring layers are not stacked with respect to one another with good atomic
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correlation. Therefore, the interlayer interaction between the neighbouring layers is 
weakened in comparison to 3D graphite. This is consistent with our previous observation 
about the difference in brightness only at a few atomic sites along the nanotube and not at 
every three of the six atoms of the C hexagons.
A weak interlayer interaction for our DWNT is supported by the fact that the spacing 
between the two constituent shells is greater than the typical known interlayer distance in 
graphite (0.34 nm). Also, the observed van Hove singularities of the DWNT do not seem to 
be modified with respect to the ones of the constituent tubes, consistent again with a weak 
interaction between the two walls, interactions, which could however induce the presence 
of some additional peaks, as predicted by theory.
Some of the peaks in the experimental spectra, for example the ones positioned at 
~ - 0.5 eV and ~ 0.6 eV, are still not accounted for when considering the van Hove 
contributions of the inner tube, and, their origin is still to be understood. A defect on the 
inner tube might be a possible explanation for their presence, but as the I(V ) curves were 
taken at many locations along the tube and most of them show consistent behaviour, we can 
exclude the explanation based on a defect. Another explanation might be that they 
originate from the formation of an interlayer state in the region between the walls, as was 
evidenced for some particular configurations of DWNT [125]. This interlayer state 
accommodates the extra charge that is found in the region between the two tubes, due to 7t 
electron depletion on either the outer or inner walls. The charge transfer is found to occur 
from the inner to the outer tube, as well as from the outer to the inner tube, and, seems to 
follow no pattern based on the tubes diameter or chirality.
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Fig. 5.7 STM image (a), and STS tunnelling spectrum (b) of a DWNT containing a (23, 7) 
semiconducting outer layer. Also shown in (b) is the calculated DOS of a CNT with (23, 7) 
chiral indices.
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The same explanations as above may apply to other tubes in the same sample that were 
found to display a semiconducting outer layer and a finite DOS at the Fermi level as for 
example the tube illustrated in Fig. 5.7.
To conclude, unlike some earlier transport experiments showing that it is the outermost 
shell that dictates the conduction in MWNTs [115], we present the case of DWNTs that 
despite having a semiconducting outer layer show a finite DOS at the Fermi level. We 
attribute this effect to an interlayer interaction between the two constituent shells of the 
DW NT and, although some existing theoretical models can explain this behaviour for the 
general case, further calculations on the specific cases presented in this chapter are needed 
to completely understand the interactions. Currently, DFT calculations are being carried out 
to investigate this further.
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6 Defects in Carbon Nanotubes
6.1 Introduction
STM experiments can be used to examine the properties of CNTs which are predicted by 
atomistic calculations, and verify the electionic properties expected by measurement of the 
LDOS in these ID  structures. However, these materials are far from perfect hexagonal 
lattice cylinders and they can develop defects during their giowth, processing or 
characterization. Structural deformations have often been observed in STM and ATM  
experiments on CNTs revealing bent and twisted tubes [30, 52]. A bend within a nanotube 
can be created by applying mechanical force on a nanotube. I f  the sti'ain in the tube exceeds 
a critical limit, the elastically bent nanotube deforms into a buckle [126], a severe distortion 
of the atomic stiucture where all the sti'ain is concenü'ated locally. The buckle is associated 
with a rearrangement of atoms and bonds which w ill have an impact on the band structure 
in the region of the buckle and thus on the electi onic properties of the tube.
ATM experiments and molecular mechanics simulations [52] have shown that the van der 
Waal’s forces between nanotubes and the substrate on which they are placed can lead to a 
significant deformation of their structure as nanotubes tend to follow the topography of the 
substrate in order to maximize their adhesion energy. For example, nanotubes bend to 
follow the curvature of the metal electrodes on which they are deposited. When the strain 
due to bending exceeds a certain limit, kinks develop in the nanotube stiucture [127]. Kink­
like structures have been observed with the STM [128] on nanotubes and STS 
measurements on kinks showed that they seamlessly connect metallic and semiconducting 
parts of the same tube, in agreement with the theoretical predictions that two nanotubes 
with different chirality can be connected together by a pentagon-heptagon pair [129].
In view of using CNTs for fabricating electronic devices, it is important to understand to 
what extent these deformations affect their electr ical properties. Theoretical studies have
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also been performed to help explore the correlation between the structural perturbations and 
the change in the electronic properties and some of these studies predict dramatic changes. 
For example, the electronic properties of a squashed armchair nanotube determined using 
tight-binding molecular dynamics calculations demonstiate a metal to semiconductor 
transition while squashing the nanotube [130]. Similar deformations increase the gap in 
small-gap zig-zag tubes, and, gap closure can occur due to enhanced a - n hybridization 
effects [131].
This chapter will present some of the structural deformation of CNTs encountered in oui* 
STM experiments. The observed changes in the electronic properties due to these 
peiturbations are also discussed.
6.2 Collapsed Carbon Nanotubes
6.2.1 Preliminary Remarks
It was predicted theoretically and evidenced by TEM that a carbon nanotube can collapse 
radially into a flattened tube with bulbs on either edge (See Fig. 6.1) in a geometiy that 
balances the cui*vature energy with the interlayer interaction [132]. In this case, the large 
radial deformations are stabilized by the inter-sheet attraction between opposing sides of 
the wall. It was shown that collapse is favoured in large tubes: as the tube circumference 
increases, the excess curvature energy in the bulbs becomes constant, while the energetic 
advantage of the inter-sheet atti'action increases linearly [133].
Circular
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Fig. 6.1 Three regions of stability for the existence of energetically favourable structures of 
an armchair (n, n) CNT (reproduced from [134]).
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Depending on the CNT diameter, a map of stability was obtained by atomistic simulations 
for the deformation of a (n, n) armchair SWNT nanotube at room temperature, showing the 
possible regimes for paitially and fully collapsed nanotubes (Fig. 6.1) [134]. The same 
study reveals the influence of the commensurability of the constituent layers on the final 
shape of the collapsed nanotube, showing further mechanical deformations beyond the 
flattening, such as twisting and warping.
While the experimental proof for structural characteristics of collapsed nanotubes is 
provided by TEM and AFM [135, 136], there is no experimental evidence for the electronic 
structure of the thus modified nanotubes. We present the first STM study showing 
atomically resolved collapsed nanotubes, and, attempt to correlate this to the electronic 
behaviour of the defonmed tubes as studied by STS.
6.2.2 Experimental Details
Nanotubes used in these experiments were subject to high temperature treatment (~ 700° C) 
as part of the process used to induce the filling of foreign material within the cavities of the 
nanotubes. The STM experiments were performed at room temperature, in UHV (base 
pressure ( 2  -  3 ) x 10'^  ^ mbar), using elecùochemically etched W tips and Au supporting 
substrates prepaied as described in Chapter 3, onto which ultrasonically dispersed 
nanotubes were drop-cast. STS spectia were recorded at selected locations by monitoring j
the tunnelling current variations while ramping the sample bias voltage, during which time |
the feedback was switched off for 100 ps. Typical STM parameters were 0.1 nA for the set- |
point current and (0.1 - 0.3) V  for the bias voltage. !
6.2.3 Results and Discussion
6.2.3.1 Single-Walled Carbon Nanotubes
The STM experiments revealed a few separate occurrences of nanotubes clearly showing 
radial deformation of tubes, flattened to ribbon-like structures, indicating the formation of 
collapsed configurations, as illushated by Fig. 6.2 (b). Fig. 6.2 (a) shows a 160 nm long 
CNT which displays two distinct sections when looked at a higher magnification in (b), a 
flat ribbon-like shape along its length in the central region and a bulb-like shape at each 
side of the edges. As also indicated by a cross-sectional profile along a line perpendicular to 
the nanotube axis (Fig. 6.2 (c)), this particular shape suggests that the tube has collapsed 
centrally.
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Fig. 6.2 (a) STM image showing a CNT following the substrate features, (b) Atomic 
resolution on a portion of the tube obtained when zooming on the squared area indicated in 
(a), and, (c) Typical height profile across the tube.
To be able to correlate the chirality of this structure to the measured electronic properties, 
the diameter of the tube in its un-collapsed state needs to be estimated first. We have tried 
to make this estimation using simple geometry, assuming that the cross-section of the 
collapsed tube can be represented by the shape shown in Fig. 6.3. We have also assumed at 
this stage that the tube is a SWNT.
Fig. 6.3(a) shows the case of a collapsed SWNT with the two bulbs at the edges modelled 
to have circular cross sections, joined by a flat region of length /. Using the notations 
introduced in Fig. 6.3 (a), the perimeter of the collapsed tube can be written to a gross 
approximation as twice the perimeter of two semicircles joined by the length /:
Pcoiiapsed = 2(7urj + 7Tr2 +l)\ With, l = L - 2 r i -  2r2.
Because the perimeter of the tube should remain constant in either collapsed or un­
collapsed state, we can estimate the diameter, D, of the un-collapsed (cylindrical) tube as:
D ^ 2 /7c [L + (n -2 )(r i + r2)].
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Fig. 6.3 (a) Cross-section of a collapsed CNT. L denotes the apparent width of the 
collapsed tube, I the length of the flat region and d is the inter-layer distance. The bulbs are 
approximated by circles of radius rj and r2, respectively; The cross-section of the collapsed 
tube is modelled by two exti-eme cases: minimum interlayer distance (d ^ 0) (b), or 
maximum interlayer distance (c).
With L, ri, r2 derived from the experimental line profiles as the one shown in Fig. 6.2 (c). A 
value of 2,98 nm is obtained for the diameter of the un-deformed tube. The values for 
L (3.47 nm), n  (0.5 nm) and (0.5 nm) were obtained by averaging measured data points 
from 15 line profiles across the tube.
The approximation used above for I, the length of the straight section, is valid only for the 
exti eme case wherein the opposing internal faces of the tube come into contact {d=  0). This 
is not veiy realistic considering that without an external force, the flat region of the 
collapsed tube should respect the typical graphite inter-sheet spacing, d, of 0.34 nm. This is 
because a collapsed tube with a shaight section has an attractive interaction between 
opposing walls which maintains its structure and without which the tube w ill return to a 
circular cross-section to release the curvature energy. Thus, a good estimation of the tube 
diameter would be given by total-energy calculations which take into account the interlayer 
attiaction between the opposing walls.
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However, in the absence of a more accurate technique, we w ill consider this as an extreme 
case (“minimum”) (Fig. 6.3 (b)) and average the obtained value of the diameter with the 
value obtained from the other extreme case (“maximum”), where the tube is only flattened 
without an inflexion in the central region, as illustrated in Fig.6.3 (c). This would 
correspond to a lower attiaction between the walls than in the “minimum” case, but still 
greater than the curvature energy, hi this case, the diameter can be estimated from:
Pcollapsed Pun-collapsed TtD., W i^tll, I L T/ 7 2 -
The experimental values for L, I'l, and r2 are determined by averaging over 15 cross- 
sectional profiles across the tube and yield a 2.61 nm value for the diameter D  of the tube in 
its un-collapsed state, which by averaging with the value obtained for the “minimum” case 
gives an estimated value of ~ 2.79 nm for D.
Based on the estimated value of D, we can now examine in more detail the assumption we 
made for the currently investigated tube to be a SWNT. When we add another layer inside a 
collapsed SWNT, the inner layer has to maintain an interspacing distance consistent with 
the typical value for graphite (0.34 nm). This value has to be preserved also in the interlayer 
spacing between the inner and outer wall, which yields a total of 1 . 0 2  nm for the distance 
between the interior faces of the outer tube. Measuring the tube heights relative to the 
surface from the experimental cross-sectional profile, we estimate an average value of 
~ 0.40 nm for the distance d between the opposing walls, which can only be consistent with 
a SWNT, validating thus our assumption.
Having determined the diameter, we can now calculate the chirality of the SWNT, based on 
the atomically resolved image, which allows us to calculate the wrapping angle. The image 
displayed in Fig. 6.2 (b) shows lattice spacing of the order of 0.23 nm which is comparable 
with the expected value of the graphite lattice. An apparent value of the chiral angle 
measured on the bulge at the left of the tube in Fig. 6.2 (b) is ~ 21° and gives a provisional 
identification of (22, 19) to the tube. Closer inspection however reveals that most hexagons 
are aligned so that the C - C bonds are oriented peipendicular to the tube axis, giving a 
chiral angle 0 = 30°, featuring thus the special armchair type sfructure. Because, on average, 
the angle between the chiral and zigzag direction, normally 90° for a perfect tube is greater 
than 90°, the observed discrepancy would be consistent with a twist of an armchair tube. 
The difference between 30° and 27° for the chiral angle gives a twist angle of 3° which 
could be responsible for modifying the angle between the zigzag and aiinchair direction, as 
highlighted in Fig. 6.4 (a) and (b).
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Fig. 6.4 (a) Derivative of STM image showing the armchair direction perpendicular to tube 
axis but not on the zigzag direction. Image was rotated and derivative was chosen for 
clarity, (b) Schematic representation for the normal and twisted case.
To the values so determined for the chiral angle (30°) and diameter (2.8 nm) for this SWNT, 
a (2 1 , 2 1 ) pair of chiral indices can be assigned, which is expected to have metallic 
behaviour. As we have shown earlier in this manuscript, minor variations of the diameter 
and wrapping angle can drastically affect the electronic properties of the CNTs. Here, 
however, due to the special value of the chiral angle for this tube, the range of possible 
diameters determined from the experimental cross-sectional profiles will not change its 
metallic behaviour. As estimated above for the two extreme cases (“minimum” and 
“maximum”), the diameter can vary between 2.61 nm and 2.98 nm, corresponding thus to 
four possible values for the chiral indices n = m: 19, 20, 21 and 22, all making the tube 
metallic. Note that on the stability map of the most energetically favourable (n, n) armchair 
structures shown in Fig. 6.1, all these possible chiralities belong to the collapse metastable 
region.
To be able to correlate the atomic structure of this tube to its electronic properties, STS 
spectra have been recorded along the tube and the normalized differential conductance 
calculated for each curve to yield the DOS. The data sets were recorded on both the flat 
ribbon part as well as on the bulge at the edges and the results are displayed in Fig. 6.5.
Fig. 6.5 shows the typical tunnelling spectra recorded on the SWNT, with the peaks 
corresponding to the van Hove singularities at the onsets of the one-dimensional energy 
bands of the carbon nanotube. The peaks are asymmetric and broadened by the 
hybridization with the Au substrate, resembling well the overall shape of the calculated
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DOS but seem to have shifted by ~ 0.1 eV to the left, towards the valence band, indicating 
doping by the substrate .
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Fig. 6.5 Normalized differential conductance, which is a measure of the DOS for the SWNT 
shown in Fig. 6.2, versus the sample bias voltage. The spectra were recorded on the flat 
central region and on the bulge at the edges. The calculated DOS showing only the 
conduction band (due to symmetry reasons) for a (21, 21) SWNT is included for 
comparison and shifted vertically for clarity.
The most prominent feature however is the difference in DOS at the Fermi level. The 
tunnelling spectra recorded on the central flat region show a finite DOS at the Fermi level, 
while on the bulges at either side of the tube a zero DOS is observed. The zero DOS is 
consistent for all curves recorded on the bulges, but inconsistent with the predicted metallic 
behaviour for an armchair tube.
An («, n) armchair SWNT has n mirror planes containing the tube axis, with two energy 
levels characterised by n and n , which are even and odd under mirror symmetry operations. 
These levels are degenerate at the Fermi level, resulting in metallic behaviour. It was shown 
that when («, n) tubes are elongated and compressed in the axial direction, while 
maintaining a circular cross-section, the mirror symmetry is preserved and the metallic 
conduction remains [131]. But radial deformation can break the mirror symmetry, 
depending on the radial direction of the deformation.
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One possible reason to account for the observed variation in conductance is thus the radial 
deformation of our tube. When the tube collapses, the normally radially separated areas of 
the nanotube are brought into close proximity and the low-energy electronic properties of 
the CNT are altered. It was predicted by theory [137] that upon transverse collapse of CNTs, 
metallic («, n) tubes become semiconductors and narrow-gap (3 t7, 0) tubes can become 
metallic. The same study also finds that the electi'onic structure of large-gap 
semiconducting tubes is only slightly peiturbed by collapse, while the properties of most 
other tubes are essentially unchanged by this deformation. Any gap in a collapsed {n, n) 
nanotube arises purely from the coupling of the interior faces of the flat region. The 
coupling mixes states with k related by reflection across the tube axis and results in 
quadratic energy dispersion, exhibiting a gap, which was calculated to range between 
0.04 eV to 0.2 eV at room temperature and zero pressure for a (20, 20) tube. According to 
this study [137], we should thus obsei-ve a gap in the region along the flat ribbon of the tube 
and not on the bulges.
A more detailed study of the metal to semiconductor transition in a squashed armchair 
nanotube involving tight-binding molecular dynamics, shows that mirror-symmetry 
breaking alone cannot open a gap, and, it only induces a variation in tlie conductance [130]. 
To open a gap, the atomic orbitals of the two flattened faces of the squashed tube, without 
mirror symmetiy have to overlap with each other and form new bonds. Conversely, the 
bonding alone cannot open a gap if  the mirror symmetry is preserved, so the metal to 
semiconductor transition has to be driven by the combined effect of the bond formation and 
mirror symmetry breaking.
It was also shown by the same study [130] that this combined effect is in direct relation 
with the existence of the two equivalent sublattices (A and B) of graphene. (Chapter 3 of 
this thesis has introduced elements on the site equivalence of the atoms in graphite). In 
reference to the A and B sublattices, if  the axis along which tlie tube is squashed passes 
through two atoms of the same sublattice, the squashed tube will break the minor 
symmetry about that axis. Minor symmetiy w ill be maintained if the axis passes through 
atoms of different sublattices.
In other words, AA stacking between the flat opposing walls w ill break the mirror 
symmetiy and if  the walls are close enough so that A atoms bond with A atoms, a gap will 
be formed upon squashing. For AB stacking, the mirror symmetiy is presei-ved and the k 
and 71* bands cross without the gap opening, regardless of whether a bond exists between 
the two flattened faces.
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It follows that obtaining a gap means that the ribbon region should display AA stacking and 
the distance between the two opposing walls should allow for the bond formation between 
equivalent C atoms. The spacing we obtain between the two opposing layers is of the order 
of ~ 0.4 nm, greater than 0.26 nm which is the length of an inter-planar C - C bond. It is 
worth mentioning that the possibility for the interlayer spacing to be close to 0.26 nm is not 
completely excluded as the interlayer spacing was obtained using height information 
extracted from multiple cross-sectional profiles and the STM is well known for its 
unreliable vertical accuracy.
The exact stacking order for the flat region of the tube is difficult to determine from the 
existing STM images. Some sections seem to indicate the AB stacking, as some of the C 
atoms appear brighter than their neighbours, while other regions indicate uniform 
brightness for all six atoms of the hexagons, consistent with AA stacking, as illustrated by 
Fig. 6 .6 .
Fig. 6 . 6  Higher magnification STM image of the tube displayed in Fig. 6.2, showing both 
AA and AB stacking along the flat section of the collapsed tube.
Mixed stacking could be related to the degree of commensurability of the two flat opposing 
walls of the nanotube. As defined in Chapter 5 of this thesis, for the commensurability to be 
obtained the ratio between the unit cells lengths along the tube of the two opposing walls of 
the flat ribbon has to be a rational number.
It was recently shown that the commensurability can be responsible for the formation of 
various deformation structures in the collapsed nanotubes [134]. Atomistic simulations 
reveal that for example, a collapsed (40, 40) armchair nanotube, will show the same AB 
stacking between the two flat walls regardless of whether they are commensurate or not, so
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its sti'ucture w ill appear flat. For other chiralities, but similar diameter nanotubes, it is 
shown that different stacking between the commensurate and the incommensurate state 
induces the existence of a rotational shift between the two adhering layers in the energy 
minimization process. This is responsible for inti'oducing a twist or a warping (a shape) 
structure. The 3° twist we obseiwe could thus be attributed to a rotation of the two flat 
opposing layers towards a more energetically stable stiucture, maybe towards achieving the 
perfect AB stacking, which was suggested to be a more stable formation than the AA 
stacking [134]. We can then assume that the absence of bonding due to a large interlayer 
spacing combined with the AB stacking, which does not allow for the mirror symmetiy 
breaking, might be an explanation for not observing the gap in the flat region. This does not 
explain however its presence at the bulges.
Note that the slight variation towards lower angles of the hexagon rows along the flat 
ribbon with respect to the tube axis, from the left to the right of the image in Fig. 6.4 could 
also account for a small twist. For an untwisted tube, hexagon rows should align parallel to 
each other along the length. We estimate the difference in angle between the hexagon rows 
close to the right and to the left edge respectively to ~ 3°, which constitutes an extra 
confirmation for the existence of the twist.
I f  we take the observed 3° twist into account, a twist would be consistent with the gap 
opening in the DOS, as a localized twist is a source of electron backscattering and a 
uniformly twisted SWNT has a gap at the Fermi energy, even if  the undistorted tube is 
metallic [18, 30]. While the twist could now account for the observed gap at the bulges of 
the collapsed tube, it does explain the non-existence of a gap in the central part due to the 
twisting. This situation suggests the collapse might still play a role and the finite DOS 
might appear due to a combined effect of the twisting and collapse. As mentioned earlier, 
by bringing the two opposing layers into close proximity, the low energy electronic states 
of the nanotubes could be altered. Similar to opening a gap, for some tubes the gap can be 
closed upon collapsing, as it was shown for the special case of (3«, 0) small gap tubes.
Our tube exhibits an estimated gap of ~ 0.11 eV, which could be probably closed assuming 
it is smaller than the peiturbations induced by collapse. In this case, the collapse could 
actually remove the twisting induced gap and restore the initial metallic behaviour due to 
bonding and antibonding combinations of states on the two opposing sheets.
Whether this scenario is entirely possible still remains to be verified and theoretical 
simulations on this particular system would help elucidate this fuither. As the influence of
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the lattice commensurability seems to be responsible for some of the deformations 
observed, this should also be taken into account in these calculations.
To conclude this section, a collapsed SWNT was studied by STM and STS and it was 
suggested that the effect of a twist-induced deformation on the electronic properties could 
be reversed by collapsing the tube. This result might have special applications for 
nanotubes device fabrication allowing for tuning of their electronic properties locally and 
with low energetic cost.
6.2.3.2 Double-Walled Carbon Nanotubes
Collapsed tubes have not only been observed in SWNT samples, but samples containing 
DWNTs have also shown the presence of deformed tubes. This is not surprising since 
larger diameter tubes are more prone to collapse, and. Fig. 6.7 shows such an example.
Fig. 6.7 STM image showing two collapsed nanotubes extending out of a bundle deposited 
on a Au substrate. Black arrows indicate twists of the ribbons.
The two tubes shown in Fig. 6.7 belong to a bigger bundle (located at the left of the image 
in Fig. 6.2, not shown here) and their length extending out of the bundle was estimated to 
~ 40 nm from the end of the tubes. For simplicity, we have labelled the tubes as Tube 1 and 
Tube 2, respectively, as indicated by the arrows in Fig. 6.7.
The slightly different shape of the two ribbons, with the two sides of Tube 1 showing more 
pronounced bulbs as opposed to a flatter structure displayed by Tube 2 could be attributed
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to different diameters, but also to different chiralities of tlie two tubes. This was suggested 
by a recent study carried out by Liu et al. [134], which showed that some structures are 
more energetically favoured than others (See diagram in Fig. 6.1).
In addition to the flattened regions along their length, the two tubes also show twists along 
the ribbon which are indicated by the airows in the figure (Fig. 6.7). It is not yet cleai- what 
exactly determined the twist fonnation for the collapsed nanotubes presented here. One 
possible reason could be due to mechanical forces inducing strain into the nanotubes during 
the solution sonication. Because a drop is taken while the solution is still under sonication, 
after drop casting the van der Waal’s interaction between the tube and the substrate could 
act to lock the induced deformation prior to deposition. Moreover, during drop-casting, the 
substrate is placed on a hotplate maintained at ~ 60 °C to allow for quick evaporation of the 
solvent and consequently to prevent tube aggregation. The quick evaporation of the solvent 
could also be responsible for inducing twists in the nanotubes due to fluctuation dynamics 
present in a liquid environment.
The fact that the tubes investigated in this study ai*e pait of a bundle might also be an 
explanation for the twists, as it was shown that tubes having different helicities in a bundle 
arrange themselves respecting the atomic lattice commensurability which could lead to 
twisted tubes within the bundle. It is worth stating the fact that while one end of these tube 
is fixed within the bundle, the other end is free as revealed by additional STM images. An 
interesting observation is that the free end did not allow for the untwisting of these tubes 
owing possibly to a strong van der Waal’s interaction with the substiate, which might be 
responsible for effectively locking the twist.
As discussed in the previous section, the existence of twists in collapsed nanotubes have 
been observed before in TEM experiments and a model based on the analysis of energetics 
was proposed [135], supporting the hypothesis that twists in MW CNT ribbons are 
stabilized through more favourable atomic registiy (commensurability) between 
neighbouring layers of the innermost shell in the twisted state. Imperfect registry would 
produce internal interlayer stress that can contiibute to the mechanical deformation, 
generating or maintaining a twist. In accordance to these models, the appearance of twists 
in our case could be related to the achievement of a more favourable atomic registry 
between neighbouring layers of the inner shell.
For DWNTs the analysis is a bit more complicated than in the case of SWNT, as the 
additional inner layer could induce stionger van der Waal’s interactions between the layers.
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so achieving an energetically favourable structure has to be done in consideration with the 
effects this layer would induce. Simulations show however that in the case of DWNTs, 
most of the time the structure of the collapsed DWNT is determined by the inner tube, 
while the outer tube acts only as a constraint to the deformation [138].
As STM does not give access to the atomic structure of the inner tube, the only possible 
manner of extracting information about the inner layer is STS, as we have shown in 
Chapter 5 where the STM on DWNTs was discussed. Tunnelling spectra have been 
recorded on both tubes displayed in Fig. 6.7 and the normalized differential conductance 
computed. Tube 2 has generally presented consistent behaviour for curves corresponding to 
different locations on the tube wall, either on the central part, or at the twist or at the edges. 
Fig. 6 . 8  shows the reproducibility of the STS spectra as well as the metallic behaviour of 
Tube 2.
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Fig. 6 . 8  Tunnelling spectra recorded on Tube 2 showing consistent behaviour at separate 
locations along and across the tube.
Metallic behaviour is generally expected for a DWNT, as discussed in Chapter 5, and no 
effect of the twist or the collapse that affects this was found on this tube. This is not 
surprising giving the theoretical predictions discussed in the previous section, according to 
which changes in the electronic properties only appear for certain chiralities of SWNTs 
(armchair and zigzag) and this tube is neither, as shown by its outer layer indices. As no 
change is observed in the electronic properties we will assume that the inner tube might not 
play a major role in affecting the metallicity, so we will not further consider Tube 2.
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STS spectra recorded on Tube 1 are displayed in Fig. 6.9 (a), where a difference in the DOS 
at the Fermi level is observed between the bulbs and the flat ribbon at the centre, similar to 
the case for the SWNT. Unlike the previous studied collapsed SWNT, here a finite DOS for 
both the curved and the flat part of the collapsed tube is found.
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Fig. 6.9 (a) STS spectra recorded on Tube 1, showing a difference in conductivity between 
the bulbs at the edges and the flat ribbon at the centre, and, (b) Calculated DOS for the 
chiralities indicated on the graph.
The “V ” shape of the tunnelling spectra at the Fermi level recorded on Tube 1 resembles 
the DOS of graphite, while the flattened part displays a large metallic plateau together and a 
lower conductivity. It is difficult to assign a chirality to this tube, given the uncertainties 
associated with the determination of the diameter and the wrapping angle.
Fig. 6.10 Zoom-in on a portion of Tube 1, showing the tube slightly bent and twisted. 
Distances between the C hexagons vary between 0.2 nm and 0.5 nm, inconsistent with those 
expected for HOPG, indicating distortions.
102
Defects in Carbon Nanotubes
Subsequent STM images show that this tube is also slightly bent (as shown below in Fig. 
6 .1 0 ) which complicates the analysis further.
Pairs of chiral indices within the uncertainties calculated for the diameter (2 nm ±0.1 nm) 
and the chiral angle 8 ° ± 1° could be (23, 4), (24, 4), (23, 5) and (24, 5). The calculated 
DOS for these chiralities (Fig. 6.9 (b)) however do not resemble well the observed peaks in 
the experimental DOS, as many of the experimental peaks are not accounted for and there 
are too many to be attributed to the inner layer. This discrepancy could be attiibuted to the 
errors induced by the defomiations (twist, bent and collapse) to the calculated diameter and 
wrapping angle, leading thus to an incorrect chirality.
Splitting of the energy levels due to stronger interactions between the inner and outer layer 
could also be responsible for the many peaks observed in the tunnelling spectia. A sti onger 
interaction between the outer and inner layer could be triggered by the inner layer tiying to 
achieve a better commensurability with the outer layer in an attempt to minimize the total 
energy of the system. It was suggested that the inner layer is in principle responsible for the 
fonnation of the collapsed structures in DWNTs [138], but only when the chiralities of the 
inner and outer tube are veiy close. Although proving that the chiralities of the inner and 
outer shells of our DW NT are close would be difficult, close chiralities could account for 
the energy level splitting that might give an explanation for our spectra.
The present obsei'vations on twisted ribbons should be seconded by theoretical calculations 
in order to fully elucidate the driving force for the large deformations of the nanotubes and 
the impact these deformations have on their electronic stiucture. Due to the impact that 
these deformations have on the electronic sti ucture, the susceptibility of the nanotubes to 
collapse presents relevance for their future integration into electronic devices.
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1 Scanning Tunnelling Microscopy on 
Filled Single-Walled Nanotubes
7.1 Introduction
The work described in this chapter concerns the STM experiments on SWNTs filled with 
various materials. Altering the properties of CNTs by filling their inner cores with foreign 
materials opens new possibilities of obtaining one-dimensional stiuctures and extends the 
potential of these materials for technological applications [139, 140, 141]. Possible 
applications include quantum memoiy elements, high density magnetic storage media, 
semiconducting devices, field emitters and scamiing probe tips [142,143, 144].
Understanding the interactions that occur between filling materials and the encapsulating 
nanotube is relevant for applications in molecular electionic devices or for tuning the 
chemical and stiuctural properties of these systems. Potentially, the chemical reactivity of 
the nanotubes, as well as their electronic structure may be modified upon filling. While the 
structure of the encapsulated material has been mostly investigated by conventional and 
restored high-resolution transmission electron microscopy (HRTEM), little is known about 
the influence exerted on the electronic properties of the CNTs.
HRTEM and restored HRTEM show that tlie filling molecules can arrange themselves into 
clusters or can form continuous chains inside the nanotubes, depending on their initial size 
and on the van der Waals forces exerted by the CNTs walls.
Ciystalline forms, almost always resulted with reduced surface coordination, as well as 
amorphous, disordered filling have been obsei*ved to form within the nanotubes. They 
mainly respect the bulk structural chemistiy of the stalling material but new structures have 
occasionally been obtained [145].
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A wide range of materials can fill SWNTs, such as metals, metal salts, oxides, 
semiconducting compounds [146, 147]. In some cases, further modifications are needed to 
reduce the initial state of the filling salt or oxide to the metal or the compound of interest.
Wet chemistiy and the “molten phase” aie the two methods generally used to fill the CNTs 
and they both involve pulling the solubilized (salts, oxides, etc) or the molten material 
respectively, into the cavities of nanotubes by capillaiy action. Direct synthesis of filled 
nanotubes in the caibon arc during the CNTs growth is also possible, and Fe, Y, Mn, Gd 
filled tubes have been obtained this way. But, this method usually results in a low filling 
yield.
We have applied both wet chemistiy and the “molten phase” method to produce Ag and 
HgTe encapsulated within SWNTs and this chapter will describe the methodology used to 
prepare and characterise them. The electronic properties of Ag and HgTe constitute the 
reason for selecting them as filling material: Ag is a metal which also has the highest 
electrical and thermal conductivity and HgTe is a semiconductor with a band gap that can 
be tuned by altering the symmetiy of the HgTe nanostructure, as suggested by recent DFT 
calculations [148]. Ag-filled SWNTs were prepaied using both wet chemistiy and the 
molten phase method, employing AgNOs and Agi as starting material, whereas the HgTe- 
filled specimens were produced using the molten phase method. The results of the STM 
experiments performed in order to identify the changes in properties of the filled tubes with 
respect to the pristine CNTs are summarised and presented in the next sections.
7.2 Results and Discussion
7.2.1 Ag-filled SWNTs by using wet chemistry
7.2.1.1 Synthesis and preparation
SWNTs used in this experiment were prepared by laser ablation using Co/Ni catalyst and 
had a mean diameter of ~ 1.2 nm. Acid treatment was used for their purification and to 
open the ends of the tubes, enabling filling their cores witli metal. 30 hours refluxing at 
400 K  in 2M HNO 3 results in purified and open-ended tubes, also reducing considerably the 
amount of the catalyst particles. HNO 3 acts as an oxidizing agent to the pentagon rings 
present at the ends of the tubes, which are more prone to oxidation than the hexagonal rings
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of the tube, thus removing the caps. The as-purified tubes were sonicated for about 
15 minutes with an over-saturated solution of silver nitrate (AgNOs) and stirred at room 
temperature for about 48 hours. The AgNO] is pulled into the cores of SWNTs by capillary 
action and gives rise to thin silver nitrate nanowires by crystallizing inside the tubes, as 
evidenced by TEM [150]. Multiple centrifugation of the sample in distilled water, removing 
the water after each cycle (half hour) helped to efficiently wash out the unwanted AgNOg 
salt deposited on the tubes and .within the bundles of tubes. The AgNOs salt is reduced to 
silver by heating the sample for an hour, under vacuum, at a temperature of 572 K and 
Energy Dispersive X-Ray (EDX) shows evidence that carbon and silver are the only 
elements present in the sample. TEM images indicate that very thin nanowires, with lengths 
from 2 0  nm to several micrometers, are formed inside the tubes [150].
100
esoU
Cu
200 5 10 15
Energy (keV)
Fig. 7.1 High angle annular dark field (HAADF) TEM images of the Ag-filled CNTs (a) 
and EDX on a bundle of filled CNTs (b) (reproduced from [150]).
1.1.1.1 STM experiments
The UHV-STM/STS experiments were performed in a similar manner for all the various 
fillings and involved preparing a suspension of filled-nanotubes by sonication in 
1,2- dicholoroethane for approximately 15 minutes. A drop of the solution was placed on a 
Au substrate prepared as described in Chapter 3 and allowed to evaporate in air. The 
sample was then left in the fast entry lock of the system prior to introducing into the STM 
chamber and pumped overnight to allow for the specimen out-gassing. The base pressure in
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the STM chamber did not exceed (2-3) x 10 mbar during the STM experiments. Typical 
scanning conditions used with this sample were 0.1 nA for the tunnelling current and a 
positive sample bias of ~ (0.1-0.3) V. The STS measurements were performed by 
interrupting the feedback loop at preset locations and recording the current variations 
during the voltage ramp (usually between -3 V and +3 V).
The STM images obtained on this sample show tubular features with lengths varying from 
a few tens of nm to hundreds of )im and diameters between 1 nm and 50 nm. The small 
diameters (Inm to 3 nm) correspond to individual SWNTs, whereas the larger diameters 
indicate ropes of parallel and closely spaced nanotubes. Straight, as well as bamboo-like 
features are occasionally observed in this material, as shown in Fig. 7.2.
Fig. 7.2 STM topographic images of individual and bundled SWNTs deposited on Au (a) 
and (b) and at higher magnification (c). The inset in (a) shows ends of open tubes as 
expected after H N O 3 refluxing.
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As seen in Fig. 7.2 (b) some of the nanotubes appear corrugated in the STM image, 
showing anomalous contiast variations along the tubes. The corrugations were obsei-ved on 
most of the nanotubes studied in this sample and as well as being related to topographical 
changes of the underlying Au substi'ate, these variations could also be interpreted as arising 
from changes in the electionic structure of the tube. This is due to the fact that an STM 
image is a convolution between topography and electronic DOS of the investigated material.
Tip convolution as a possible explanation can be readily dismissed, as the effects due to tip 
conti'ibution should be anyway constant all over the imaged features. Moreover, atomic 
resolution obtained on this sample showed the absence of any tip artefacts.
The alternating changes in corrugation along the tubes would be consistent with a 
discontinuous filling, which is quite likely to form if  we consider the method used to 
prepare the filled nanotubes. Wlien investigated under TEM, the nanotubes show a 
continuous filling of AgNOs within their cores. However, sample calcination carried out 
after the capillaiy filling to reduce the salt to silver could lead to small Ag cluster formation. 
This could be preceded by an initial AgNOs segregation to clusters, followed by Ag 
formation when reaching the decomposition temperature. The metallic Ag formation could 
take place by a progiessive and complete elimination of the NO3 group, at about 300-400 
°C, according to the following reduction chemical reaction:
2 AgNOs —> Ag2Û + 2 NO2 t  + O2 —> Ag + /4 O2
Further heating (up to 700 °C - 800 °C) could presumably end in larger cluster formation by 
agglomerations of small Ag clusters, owing to an increased mobility with the temperature. 
Although the above supposition on the clusterisation have not been verified, it was shown 
by Brown et al. [150] that it is possible to form clusters in ZrCl^ filled SWNT composites 
by election beam irradiation in a TEM.
A closer inspection of the observed corrugations in the STM images reveals that they 
appeal' aligned with the underlying steps of the Au substrate and this seems to be the case 
for most, if  not all the investigated nanotubes in this sample.
As stated in the previous chapter, nanotubes tend to follow the topography of the substrate 
in order to maximize their adhesion energy, which can then lead to deformations of their 
structure, consequently affecting their electionic properties. As evidenced by the STM 
images in Fig. 7.2, the fact that the nanotubes can get over the sharp steps of Au without 
breaking is probably due to their high flexibility which does not allow for a laige stress 
accumulation at the step. Line profiles along nanotubes show that the brighter regions are
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indeed located topographically higher than the rest of the tube and follow the step sequence 
of the substrate.
To gain further insight, we used STS, collected along the tubes to try and elucidate whether 
the observed corrugations come only from the topography of the substrate or electronic 
effects play a role as well. Without excluding the presence of filling material inside the 
nanotubes, possible electronic effects responsible for the contrast variations could also be 
caused by stress-induced structure deformations or by the presence of the Au steps.
Structural deformations and the way they affect the electronic DOS of nanotubes have been 
discussed in the previous chapter. Surface steps, like other crystal imperfections, disrupt the 
periodicity of a crystal and constitute scattering centers for the electron waves. Earlier STM 
experiments on stepped Au (111) surfaces observe oscillations in the LOGS at the steps, 
which are attributed to the formation of standing waves formed by the scattering of surface 
state electrons at the step [151]. The standing waves form due to the change in potential at 
the step which leads to a partial reflection of incident electron waves and interference 
between the incident and reflected waves.
Tunnelling spectra taken on the nanotubes, at the locations indicated by arrows in Fig. 7.2, 
corresponding to regions of alternating contrast are shown below in Fig. 7.3.
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Fig. 7.3 Tunnelling spectra recorded on the nanotubes, at the locations indicated in Fig. 
7.2 (b). (1) corresponds to the region of bright contrast and (2) to adjacent site, at the right 
of the corrugation.
They were obtained as described in the previous chapters, by recording the tunnelling 
current while ramping the bias voltage and computing the normalized differential
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conductance, which is proportional to the LDOS. Spectrum (1) is recorded on top of the 
nanotubes crossing over the Au step, whereas spectium (2) is taken at a point adjacent to 
the region of bright contrast, where the nanotubes rest on the flat terrace. At the region 
where no corrugations or anomalous contrast is observed, the LDOS (specti'um (2)) exhibits 
the typical van Hove singularities, as well as a shift of the Fermi energy, of -  0.3 eV, which 
can be attiibuted (as explained in Chapter 4), to doping by the substrate. This is due to the 
difference in work functions of Au and CNT. The latter has a work function presumably 
similar to graphite -  4.5 eV, smaller than the Au work function, ( -  5.3 eV), which will have 
a similar effect as a Fermi energy shift towards the valence band of the tube.
The specti'um acquired at the bright conti*ast point (spectrum (1)), although showing an 
overall electronic structure similar to spectrum (2 ), shows shifts in the peak positions with 
respect to the corresponding peaks in (2), and an offset in the Fermi energy of only 
-  0.2 eV. A smaller shift than the one observed in (2) would be consistent with a lower 
difference in the work function between An and CNTs. This is not impossible if we 
consider that a highly stepped Au substiate was used as a substrate for this sample, as 
evidenced by the STM images and shown in Fig. 7.2. The lowering of the work function of 
stepped surfaces was explained theoretically as early as 1941 by Smoluchowski [152]. 
Smoluchowski has shown that the electron density smoothens out through a charge 
redistr ibution process which involves charge flow from the top of the step to the bottom. A 
dipole is thus formed at the step with a component normal to the surface and a direction 
opposite to that of the surface dipole of a flat surface, which will tend to decrease the work 
function for stepped surfaces. The electron distribution at the steps for Ag and An has been 
probed by STM by Avouris et al. [153].
For most of the tubes studied in this sample, a difference of — 0.1 eV between the Fermi 
energy offset for the un-corrugated witli respect to the coiTugated part of the same tube is 
observed but the DOS at the Fermi level does not show consistent behaviour for all the 
nanotubes investigated. A lower, as well as a higher DOS was found for the brighter 
contrast zones of the nanotubes associated with the steps relative to their closest adjacent 
sides on the flat terraces, possibly owing to the oscillatoiy behaviour of the DOS at the 
steps.
An offset in the Fermi energy could also be caused by a difference in the work function 
between the filling material (in this case Ag) and the encasing nanotube. Because the 
contrast variations in the STM images, appear to correlate well with the presence of the Au 
steps, it is more likely that the Au steps are responsible for the bright coiTugations.
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Moreover, for the cases where the atomic resolution was obtained, the experimental 
tunnelling spectra correlated well to the chiral indices of the tubes, so that no further 
modification of the DOS was obsei"ved. It is possible that the interaction can be extremely 
local and if additional features ai e introduced in the DOS due to the filling-tube interaction, 
the low energy features are presumably smoothened or suppressed by the interaction with 
the substrate. As mentioned in Chapter 5, hybridization effects between the wavefunctions 
of CNT and An cause shifts and broadening of the van Hove peaks.
It is also possible that the filling ratio for this sample was not satisfactoiy and filled tubes 
were not encountered by the STM.
Given the present stiuctural and electronic information on these systems, a fiim conclusion 
with regard to the interaction between the CNTs and the filling material could not be 
formulated at this moment. More STM experiments need to be carried out, possibly on 
samples with increased filling yield, ensuring also a flatter substi'ate, before any definite 
conclusions can be made about the nature of interactions between the filling and the 
encasing nanotube.
7.2.2 SWNTs filled by the molten phase method
7.2.2.1 Synthesis and preparation
The SWNTs used in this study were prepared by die catalytic arc synthesis method, using 
Co/Mo as catalyst and purified as described in the previous section. It is worth mentioning 
that this method although seemingly improves the filling yield, does not necessarily require 
the prior opening of the tube caps. As this method is performed at elevated temperatures, 
the melt itself attacks the ends or other defects present on the tubes and opens them, as 
shown by Sloan et al. [154, 155]. Agi and HgTe were used as filling material.
The ratio of filling material to SWNTs was estimated based on the molar ratios of the 
filling to SWNTs, using a slight excess to the calculated amount in order to maximize the 
surface contact between the molten filling and the tubes. The mass ratio used in both cases 
was 2:1 (Agi or HgTe:SWNTs). The filling material and the SWNTs were then intimately 
ground together in a mortar and pestle and placed in a quartz tube which was sealed under 
vacuum using a methane/oxygen flame. The sealed ampoule was heated in a tube flirnace 
above the melting point of the filling material, kept for a preset amount of time and then 
allowed to cool slowly at room temperature.
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The filling conditions for Agi were heating at 5 degrees per minute to 50 degrees above the 
melting point (558 °C), for 12 hours, and then cooled at one degree per minute. For HgTe, 
heating was done at 5 degrees per minute to 100 degrees above the melting point (670 °C), 
for 2 hours, and cooled at 1 degree per minute to room temperature. To remove excess salt 
the samples were washed in distilled water, filtered and dried in air overnight.
TEM was used to assess the filling yield and Fig. 7.4 shows typical images of the Agi and 
HgTe filled SWNTs. A filling ratio of approximately (20-30) % was found for Agl-SWNT, 
while for the HgTe-SWNT the filling yield was ~ (60-70) %. EDX shows evidence for the 
presence of the Ag, I and He, Te in each sample respectively, as displayed in Fig. 7.4.
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Fig. 7.4 (a) Typical TEM image showing Agi filling and (c) EDX spectrum taken after the 
TEM image. TEM image of HgTe-filled SWNT (c) and corresponding EDX (d) spectrum 
The image in (c) was obtained at 120 kVon a Cs corrected TEM..
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7.2.2.3 STM experiments on the Agl-filled SWNTs
STM experiments on the nanotubes filled using the molten phase method proved more 
difficult than on the previous nanotube samples for a number of reasons.
First, the tubes were frequently observed to belong to large bundles which made STM 
observation extremely problematic, leading to saturation of the STM piezo scanner. As 
stated throughout this thesis, owing to their high surface energy, carbon nanotubes 
aggregate into bundles difficult to separate. With the current methodology used for filling, 
the separation becomes even more difficult due to the excess molten material which has not 
filled the tubes and presumably sticks the tubes together upon cooling. Furthermore, both 
HgTe and Ag halides are insoluble in water, thus washing with water after filling does not 
remove the excess material and does not ease the separation.
The excess material complicates the analysis further, as most if not all, the STM images on 
these samples seem to indicate the presence of a thin coating at the nanotube surface. As 
shown earlier in this thesis, clean and pure nanotubes are crucial for successful STM 
imaging of their atomic structure and meaningful STS electronic information. An example 
of STM images of bundles and coated tubes is shown in Fig. 7.5 for the case of Agi filled 
SWNTs.
\ 4 .6 1 1 1 1 1
Fig. 7.5 STM images on the Agi filled SWNT sample, (a) Bundles appear decorated by 5-6 
nm size particles (possibly Ag particles); (b) Partially coated SWNT indicated by the bright 
contrast. On the uncoated side, atomic rows are almost visible.
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Several routes have been examined in order to achieve the separation of tubes and the 
removal of the excess material such as; long sonication, boiling in water, heating in UHV 
and O2 plasma treatment, and all showed no significant improvement. A possible way 
around this difficulty to be tried in the future would be the UV exposure of the sample as 
Agi undergoes photolytic decomposition.
The gathering of ‘clean’ STS data was also often prevented by the presence of the coating 
and most attempts of recording tunnelling spectra rendered a tip jump, thus loosing the 
imaged feature, or a highly degraded image afterwards which could not be restored. These 
are all due to the low conductivity of Agi.
Occasionally, however, STS spectra were acquired on their associated atomically resolved 
images as shown in Fig. 7.6.
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Fig. 7.6 (a) Low-pass filtered STM image of bundled nanotubes revealing atomic 
resolution. Indicated by stars in (a) are the four points where 1/V curves were recorded, (b) 
and (c) Normalized tunnelling spectra calculated from the STS data recorded on the points 
indicated in (a).
The STM image reveals the typical modulations associated with the atomic lattice of 
SWNTs. However, at the bottom of this image, the atomic resolution seems to be lost or 
disturbed for the two nanotubes at the sides, while still preserved for the central tube.
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Representative STS tunnelling spectia are recorded for two different locations, at the 
bottom and at the top, respectively, of each of these tubes, showing a finite DOS at tlie 
Fermi level. Spectrum 1 shows some extra peaks in both the occupied and unoccupied DOS 
relative to spectrum 2  on the same tube, which could potentially be attiibuted to the filling 
within the core of the nanotube that would presumably induce new electronic bands derived 
from the interaction Agi - SWNT. Spectrum 3 appears shifted with respect to 4, which 
could be interpreted as charge transfer between the nanotube and Agi. Both these observed 
variations of the DOS at different locations on the tubes could be considered as electronic 
effects induced by the filling. As well as being attributed to electronic effects due to the 
filling, the obsei-ved variations might be due to the fact that the tubes are bent, which could 
induce modifications in the DOS, as explained in the previous chapter.
The apparent asymmetiy obsei*ved in the STS spectra is not correlated to any structural 
effects that one would expect for these structures. For example, in the case of Ceo molecules 
encapsulated within SWNTs, the char acteristic features of these hybrid systems display the 
atomic corrugation of the SWNT together with periodic modulations corresponding to the 
fullerenes inside. These hybrids have been named “peapods” and they are the first and only 
filled CNT system successfully mapped by STM so far [156]. The modulations observed on 
peapods have significantly larger amplitudes than those due to the SWNT atomic 
corrugations and correspond to discrete Geo molecules. An important peculiarity of this 
system is that the interior fullerenes do not affect the atomic structure of the SWNT cage 
but they modify its electronic structure.
Similar to peapods, for Agi filled nanotubes, one should expect to observe in the STM the 
periodicity due to the SWNT atomic structure onto which a second periodicity due to Agi is 
superimposed. The second periodicity should be consistent with the packing behaviour of 
the incorporated Agi specimen within the nanotube. The tube diameter and the structural 
chemistry of the Agi dictate the number of layers arranged parallel or perpendicular to the 
tube axis within the nanotube, which would presumably suggest a longitudinal and a cross- 
sectional periodicity of the filling. For example, for tlie case of Agi taking the Zn blende 
structure, a periodicity established in accordance with the lattice parameter of 6.495 Â 
should be seen, whereas for fee Ag metal it is given by 4,0861 Â. Although unlikely, Ag 
metal may form in the sample, as Agi undergoes photolytic decomposition upon simple 
exposure to UV light.
Apart fi'om the lost modulation due to the SWNT latice, the tubes in the STM image shown 
in Fig. 7.6 (a), do not display any obvious periodicity. Even if  the filling is not crystalline.
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which is unlikely as the Ag halides have been observed to always crystallize inside the 
nanotubes, random topographic modulations should still be produced by random 
crystallography. Possible reasons for the suppression of atomic resolution for the two tubes 
at the bottom of the image could be a thin, uneven coating or indeed electronic 
perturbations induced by the interaction of the filling material with the SWNT.
For peapods, for instance, the interaction between Ceo and SWNT is dictated by the 
hybridization of SWNT states and the Ceo orbitals, so that the occupied states of the 
peapods are identical to those for unperturbed SWNTs. These states aie insensitive to the 
encapsulated Ceo molecules, whereas the unoccupied DOS contains more complex features. 
This translates in the STM image as peapods being distinctly observed only at positive 
sample biases, while negative voltages show only the unperturbed SWNT.
Our STM images show absolutely no difference when switching between positive and 
negative sample bias. However, a distinct behaviour for positive and negative energies 
should not be expected at all energies and for all systems, as this will be given by the 
particular way of interaction between Üie filling material and the encasing nanotube. It can 
also be said that the bias voltage (0.2 V) used with this sample did not allow for a 
sufficiently lai'ge dynamic range for some modulations to be observed.
As there is no theoretical data at present on the electionic properties of Agi filled SWNTs, 
it is unclear as to what extent the Agi would affect the electronic properties of the whole 
system. Agi is an ionic compound with a band gap of 2.8 eV [157]. The electronic 
configurations for Ag and I  are [Kr].4d^° ,5s^  and [Kr].4d^^ .5s^  .5p^  respectively. Thus the 
valence band of bulk Agi would originate from the filled d^  ^ shell of the Ag ions and the 
s^ p^  rai'e gas configuration of the I  ions. Tight binding calculations [158] show that the 
spatial extent of the Ag d levels is large, and their energies are close to those of the p  levels 
of the halogen, therefore tlie p  and d levels can hybridize and the valence bands is the result 
of Ag 4d and I 5p orbitals. The contribution of the metal orbitals has a component at 
~ - 1.5 eV and one at -  - 4.1 eV (Ag 4d) in the total DOS, while the hybridization and the 
halogen contribution is seen at ~ - 5 eV. The lowest band appears at - 13.30 eV, having 
predominantly I 5 5 -like symmetiy. However, STS will be able to see only contiibutions up 
to (4 - 5) eV in the valence and the conduction bands, which is below the field emission 
regime. Unfortunately, the energy range of the LDOS in our STM experiment, although set 
for (- 4.5 to 4.5) eV, has been limited to only ±  0.5 eV, failing thus to spot any potential 
contribution due to the Agi.
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It is worth stating that the above DOS calculations were performed for bulk Agi, but 
because recently many materials present abnormal variations in their physical and chemical 
properties when switching to low-dimensional forms, at the nano scale, this aspect should 
also be investigated.
To conclude, the STM experiments perfoimed on the Agl-SWNTs present no distinct 
features in the topography that could be attributed to filled nanotubes. STS spectm although 
showing some variations in the tunnelling spectia at different locations on the tubes do not 
offer a suitably lar ge energetic range, or enough statistics to enable a firm conclusion at this 
moment.
1.2.23 STM on HgTe-filled SWNTs
As with Agl-SWNTs, the same difficulties were encountered during STM experiments on 
HgTe-filled nanotubes. Due to zero solubility of HgTe in water, the separation of tubes 
from the excess HgTe deposited on bundles and tubes failed. Often, bundles adhering to the 
STM tip din ing the coarse approach were observed in the SEM when trying to reach tubes 
at the edge of bundles. This is because the bundles in this specimen appear bigger and more 
compact than in the case of Agl-SWNT samples and nanotubes do not extend sufficiently 
out of the bundles.
Despite all complications, HgTe-SWNT remains an interesting system for STM 
experiments, firstly because both crystalline and amorphous HgTe filling has been found in 
this sample and that the filling is only ciystalline in a limited CNT diameter range, as 
evidenced by TEM. The second reason would be a recent DFT study [148] showing that 
HgTe adopts a new structure based on a repeating Hg2Te2 motif in which both atom species 
adopt new coordination geometries not seen in the bulk. This structure has been observed 
experimentally by TEM and it seems to arise solely as a result of low-dimensional 
confinement. This change is directly correlated with a modified electronic stiucture in 
which the low-dimensional form of HgTe is tiansfbrmed fi'om a bulk semimetal to a 
semiconductor with a band gap of — 1.2 eV, as predicted by DFT calculations.
With regard to the STM studies on HgTe-SWNTs, and generally on any SWNTs filled 
using the molten phase method, a few considerations derived fiom our previous work on 
these systems are paramount for successful experiments: (i) the purity of the starting 
material (nanotubes and filling), (ii) optimizing filling procedure in order to maximize the 
filling yield, (iii) un-bundling and cleaning tubes.
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Provided the encountered complications, such as inhomogeneities of the samples, tube 
purity, poor filling yield and poor dispersion are overcome, most impediments which 
precluded reliable and successful STM aie removed.
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8 Summary and Conclusions
The main objective of this project was to investigate the electronic properties of carbon 
nanotubes using the STM. STM tools were described and then applied to the study of 
different nanotube based systems in a strategy that entailed correlating the atomically 
resolved stiucture with the corresponding electionic behaviour. As illustrated in the first 
chapters of this thesis, SWNTs were predicted to be metallic or semiconducting simply 
based on the relationship between the nanotube diameter and the helical arrangement of the 
graphitic hexagons around the nanotube axis. This prediction was tested in our experiments 
by STM, which allowed us to simultaneously probe both the atomic structure and the 
electronic density of states. We were able to resolve at the atomistic level the hexagonal -  
ring sh'ucture of the walls and confirm once more that the electronic properties depend 
critically on diameter and helicity.
We have found that our SWNT samples contain both metallic and semiconducting 
nanotubes, which was confirmed by STS measurements. Specifically, current versus 
voltage measurements were conducted at particular sites and numerically differentiated to 
yield the normalized differential conductance (V/I)(dI/dV), which has been shown to 
provide a good measure of the LDOS. The tunnelling specti a so obtained were validated by 
the theoretically calculated DOS, showing good agreement between them and with the 
structural data. Issues related to the chirality and diameter determination from the STM 
image, due to the cylindrical shape of the nanotube, distortions inti oduced by the STM tip 
and its finite size, as well as the tendency of the tunnelling current to follow the shortest 
least resistant path were also discussed.
Previous STM studies of CNTs have revealed explicit relationships between the interplay 
of the structure and the elech'onic properties but most of these studies were carried out 
under UHV at low temperature (4 K -  77 K), where the thermal drift is reduced to a 
minimum and the STS resolution is significantly increased. Central to our work here is the
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ability to chaiacterise these sti*uctures in UHV at room temperature, which is an important 
step towar ds their use for nanoelectronic applications.
Apart horn SWNTs, DWNTs have also been tested by STM/STS and the results shown in 
the thesis. Having only two constituent layers, DWNTs represent the simplest MWNT 
system to work with, presenting also some advantages over SWNTs, such as higher 
mechanical stiffness and greater thermal stability, which can be exploited for certain 
nanoscale device applications. They are also ideal systems to study the evolution of some 
properties from the simple case of single to the multilayer regime. In contrast to earlier 
transport measurements on MWNTs suggesting that it is the outer layer that dictates the 
conduction of the whole system, our STM experiments indicate the presence of an 
interlayer interaction between the inner and outer walls of a DWNT which seems to affect 
the conductivity of the whole system. In particular, a finite density of states was found in 
the case of DWNTs for which a semiconducting chirality of the outer tube was assigned.
Topographical maps showing the detailed structure of atomically resolved nanotubes 
obtained fi orn STM experiments allowed for an unambiguous determination of the DWNTs 
outer shell chiral indices. Simultaneously recorded STS spectra on the same tube confirmed 
an altered behaviour of the DOS with respect to the determined chirality, which supports 
the idea of an interwall interaction in the DWNTs. Although requiring further calculations 
for a complete confirmation, the chirality of the inner tube was tentatively determined, 
based on the tunnelling spectr'a and general theoretical considerations. The non-zero DOS 
of the DWNTs system was attributed to the intertube transfer near the Fermi energy 
between the inner metallic and the outer semiconducting tube. No correlation between the 
lattice structures of the inner and outer tube was found, which means they are 
incommensurate with one another. To our knowledge, these are the first STM experiments 
cari'ied out on DWNT systems. As these experiments bring clear evidence that the DOS of 
a DWNT is affected by the intertube coupling, they present a significant result of 
fundamental and practical importance for the future integration of these systems into useful 
devices.
Sti'uctural deformations of CNTs, encountered in our STM experiments have also been 
presented in the thesis. The STM experiments revealed a few separate occurrences of 
nanotubes clearly showing radial deformation of tubes, indicating the formation of 
collapsed configurations and the observed changes in the electionic properties due to these 
peiturbations have been discussed. A gap at the Fermi level in the DOS at the bulges of a 
collapsed SWNT was observed and attributed to a twist of the nanotube. It was further
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suggested, based on the STS spectra that the effect of the twist-induced deformation on the 
electronic properties of a SWNT could be reversed by collapsing the tube. These are the 
first STM experiments to evidence changes in the electronic behaviour for collapsed tubes 
and these findings illustrate an important potential of applying the electromechanical 
coupling of the nanotubes to novel nano electromechanical device applications.
Because of the graphitic nature of nanotubes, STM and STS measurements carried out on 
HOPG are presented in the thesis. They provide a good overview of some of the 
characteristics associated with these systems, such as the well-known asymmetry between 
the A-site and the B-site atoms. This asymmetry, caused by the spatial variation in the 
LDOS, made possible the STM observation of both the three-fold and the six-fold 
symmetries on HOPG. The observed asymmetries were correlated with the relative stacking 
of the adjacent layers of HOPG and verified against the patterns obtained by STM mapping 
of SWNTs and DWT^Ts.
As images substantiating the correlation between the different patterns of HOPG, SWNTs 
and DWNTs respectively were presented in disparate chapters of the thesis, they are being 
duplicated below to assist with readability.
Fig. 8  A comparison between the patterns exhibited by a SWNT (a) and a DWNT (b) with 
the corresponding structures of HOPG (c) and (d) respectively.
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Data obtained from SWNTs (Fig. 8 a) present no site to site variation and agrees well with 
the data on HOPG showing the honeycomb stiucture of all six C atoms (Fig. 8 c), whereas 
DWNTs (Fig. Sc) exhibit a pattern consistent with the HOPG where 3 of the 6  atoms of a 
hexagon display a brighter contrast (Fig. 8 d).
Apart from topography, single point spectroscopy was also carried out on HOPG and the 
states in the electionic DOS identified. Moreover, they were obtained with such resolution 
that it enabled us to estimate the splitting between the states at the Q and P points in the 
Brillouin zone, due to the interlayer interaction. The results showed very good agreement 
with photoemission measurements and theoretical calculations. These results are relevant 
for instance when studying different molecules and adsorbates using HOPG as a substrate. 
However, the close resemblance of the nanotubes to the many surface defects for which 
HOPG is famous, prevented us from using it as a substrate in our STM experiments on 
nanotubes. For this reason, a few methods for preparing atomically flat Au substrates for 
STM were attempted and their suitability assessed by AFM, opting in the end for a simple 
procedure involving the template-stripped Au.
The importance of a flat substrate was also highlighted in Chapter 7, where it was seen that 
topographical irregularities and imperfections of the substiate can lead to misinterpretations 
of the features observed by STM. It was shown that a highly stepped substrate surface can 
shift the Fermi energy of a nanotube crossing over a step due to the lowering of the 
substiate work function at the step.
STM investigations of potential modifications in the electronic properties of SWNTs when 
encapsulating various materials within their cores were also carried out and the results 
presented in the thesis. Samples were prepared either by the wet cheniistiy method, as was 
the case for AgNOs, or by the molten phase method (Agi, HgTe) in an approach that 
exploits the capillary properties of carbon nanotubes. As evidenced by TEM and EDX 
measurements, successful filling was obtained in each case, with vaiying filling ratios for 
each sample.
In all cases, some of the STM observations, such as strange contrast effects and appar ent 
height variations along the tubes, as well as asymmetries in the tunnelling spectra could 
account for a modified electronic stiucture. However, all the topographical effects proved 
extremely local and they could not be firmly and explicitly correlated to any electronic 
modification that would suggest the presence of filling material. Strong evidence for the 
filling would be provided by the appeai ance of topographical modulations superimposed on
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the honeycomb lattice of an unperturbed tube, in a manner consistent with the structural 
chemistiy of the encased material. Unfortunately, based on the existing structural and 
electronic infomiation as derived from STM/STS measurements, no definite conclusion 
could be formulated about the nature of interaction between the filling and tlie encasing 
nanotube. Difficulties encountered with STM on the samples prepared by the molten phase 
method resulted mainly from the veiy low solubility of the filling material, which lead to 
poor dispersion of the nanotubes and often prevented reliable measurements due to low 
electrical conductivity. Whereas for the specimens prepared by the wet chemistiy method, a 
low filling yield is suspected.
Future Work
One of the key experiments that needs to be conducted in the future is related to the filling 
experiments. Some elements should be considered for these experiments include:
(i) the purity of the starting material (nanotubes and filling),
(ii) optimizing filling procedure in order to maximize filling yield,
(iii) un-bundling and cleaning tubes.
In order to optimize the filling ratio of the specimens by the molten phase method, a 
systematic study will need to be carried out employing different annealing times as well as 
the use of various oxidizing agents during the filling process in an attempt to open the caps 
of nanotubes. In addition to the high yield filled SWNT preparation, methods involving 
long-term washing / sonication in either boiling or room temperature diluted acidic media 
need to be used to increase the solubility of the filling phase and to enable effective 
removal of the excess filling material. UV irradiation or multiple cycles of UHV thermal 
annealing, each followed by redispersion of tubes should also be attempted.
Once the difficulties associated with the sample preparation are effectively removed STM 
measurements can then be continued on the Agi and HgTe filled SWNTs.
As Agi decomposes under UV light, an STM study of these systems before and after 
irradiation is needed. This is in order to observe possible structural and electronic effects 
induced by the transition from semiconducting to metal filled tubes.
For the HgTe-SWNT system, a study of the encased nanowires would also be of interest, 
for reasons associated with the change in the band gap for HgTe when adopting a low­
dimensional structure, as predicted by DFT calculations. The removal of the encasing
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nanotube could be achieved by selective oxidation in air or annealing in UHV, giving 
access to HgTe nanowires. As the HgTe filling is only crystalline in a limited CNT 
diameter range, a study of the electronic response upon the change in diameter and 
crystallinity derived from STM-STS combined measurements should be examined.
Evidence for bonding or charge transfer between the nanotube and the filling needs to be 
also investigated by means of Ultraviolet Photoelectron Spectroscopy (UPS), which will 
complement nicely the information obtained by STM. Work function, electron affinity and 
ionization energy can also be tested by photoemission spectroscopy in order to understand 
the interplay between interface chemistiy and charge cander transport properties for these 
systems.
Other chemical compounds should also be used for filling nanotubes and their properties 
explored as indicated above. Preliminaiy work commenced on SbSe, a semiconductor with 
applications in memory switching devices, holographic recording systems and solar cells 
and showed promising filling yields. The interest in this structure stems from experimental 
observations of quantum-size effects increasing the bandgap with respect to the bulk value 
on vacuum deposited SnSe thin films [159].
Due to their well-defined atomic structure these nanotubes composites can be regarded as 
suitable systems for verifying theoretical concepts for the physics of low dimensional 
structures and STM/STS valuable tools for probing them.
Work on the DWNT systems need to be caii'ied out to better elucidate the electrical data for 
the semiconducting outer and metallic inner SWNT and examine if Schottky barrier on the 
nano-scale can be formed. Calculations need to be performed in order to observe any DOS 
changes as the electron evolves from one shell to the other and also to provide further 
insight as to the effect that the commensurability of the two constituent layers exerts on the 
electronic properties.
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